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Zooplankton-Phytoplankton Interactions in the San Joaquin River, CA

Abstract

by Cyle R. Moon

University of the Pacific
2013

The dynamics of zooplankton and phytoplankton growth and interactions play a
significant role in water quality (e.g., pH and dissolved oxygen [DQ]) and the available
food supply for higher order organisms in the San Joaquin River Delta. Algae have been
shown to significantly impact DO concentrations in the Deep Water Ship Channel
(DWSC) of the San Joaquin River (SJR) estuary. Zooplankton grazing is one of the
important mechanisms that influence the fate and spatial distribution of algae, and
therefore, may contribute to DO deficits that adversely impact aquatic habitat and
salmonid migration in the SJR estuary. Numerical water quality models developed to
simulate and predict dissolved oxygen in the SJR rely on mathematical algorithms that
link chemical and biological mechanisms. Due to the complexity of natural systems,
calibrating these models is challenging and often requires independent investigations to
estimate input parameters, such as zooplankton grazing and algal growth rates. This

investigation explored the applicability of three methods to quantify the rates that
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zooplankton graze on algae populations in the SJIR. Zooplankton grazing studies were
performed in the DWSC of the SJR from June 2012 through July 2013. Light and dark
bottle microcosm studies using the dilution method, the food-removal method, and the
grazer concentration method were tested. A modified microcosm approach similar to the
grazer concentration method was developed that yielded changes in chlorophyll a
concentrations that were sufficient to separate zooplankton grazing from algal growth and
respiration. Microcosms contained zooplankton concentrations that were up to 30 times
higher than natural, background levels. Zooplankton grazing rates were consistent in
both magnitude and variability with literature values reported for other waters, ranging
from 0.295-3.404-m*gC™d ™" and 0.006-1.413-m>gC*d™ for light and dark bottle

microcosms, respectively.
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1. Introduction

During the time period of June-July, 2013, the primary research goal was to
develop a suitable method to measure zooplankton grazing in the San Joaquin River
(SJR). Firstly, a literature review was done, after which a series of methods were
encountered. These methods include the dilution method (Landry and Hassett 1982), the
food-removal method (Gauld 1951), and the concentrating grazers method (Capriulo and
Carpenter 1980). While each method worked for their respective investigators, the San
Joaquin River presents an environment of typically high chlorophyll a concentrations and
mid-level zooplankton densities that are problematic for quantifying grazing rates. It is
well known that not all methods work in all environments, thus, to examine these
methods, testing was done on multiple occasions for each (Hansen et al. 1997). In the
end, a suitable method was found in a modified version of the concentrating grazers
method. The research goals for this project are listed below:

= Develop a method to estimate zooplankton grazing in the SJR
= Use zooplankton grazing rates to identify zooplankton-phytoplankton

interactions

Literature Review

Measuring zooplankton grazing rates has importance in understanding algal

population dynamics, specifically for application in a predator-prey model. Previous
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studies have shown that zooplankton (micro or macro) can consume upwards of 50% of
the daily chlorophyll a standing stock (Landry and Hassett 1982). The importance of
zooplankton is magnified in eutrophic waters in which algal production exceeds typical
levels. Urban water bodies are subject to increased nutrient loadings (specifically
nitrogen and phosphorous) due to agricultural and human inputs. Studies have shown
that eutrophication depletes submerged aquatic vegetation, thus exposing zooplankton to
zooplanktivorous fish (Scheffer et al. 1993). In turn, phytoplankton, in the absence of
predatory zooplankton, enhance the eutrophication of the water body (Lodi et al. 2011).
The San Joaquin River’s water quality, although it has improved in some constituents
levels (e.g. NHs) in recent years, still experiences periods of poor trophic state. Evidence
of this is in a recent microcystis, a toxic blue-green algae, of which a bloom was observed
in the deep water ship channel (DWSC) and other regions of the SJR in the fall of 2012.
While zooplankton will generally not consume toxic blue-green algae (Bernardi and
Giussani 1990), the bloom of microcystis can be translated into poor trophic state, which
is consistent with high phytoplankton populations. Primary phytoplankton removal
methods are zooplankton and respiration. Thus, the role of zooplankton in depleting the
abundance of phytoplankton is vital to the overall health of the River.

To date, many methods exist to measure zooplankton grazing rates, each one
unique in its design. Each method utilizes the direct relationship between phytoplankton
and chlorophyll a, enabling measurement of chlorophyll a concentrations to translate into
phytoplankton abundance. The food-removal method utilizes the contrast of chlorophyll
a growth between microcosms with and without predatory zooplankton (Gauld 1951).

Due to its simplicity, the food-removal method is widely used by investigators.
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Chlorophyll a concentrations can reach values of greater than 100-ug/L, which present an
environment in which zooplankton grazing cannot parallel phytoplankton growth.

The dilution method is a commonly used approach for measuring zooplankton
grazing. Utilizing the method of grazer dilution with a linear regression fit, the dilution
method gives the easiest interpretation of results, with the slope of the linear regression
being the zooplankton grazing rate (Landry and Hassett 1982; Landry et al. 1995). While
this method has proved feasible for many other studies (Evans et al. 2003; Tijdens et al.
2008; Chen et al. 2012, among others), many of these experiments were in either
“perfect” (the meaning of this remains unknown) locations or the results were not ideal.
For example, Tijdens et al. (2008) utilized a modified version of the dilution method,
designed to measure viral lysis along with zooplankton grazing. While fitting their
results with linear regression, the authors never encountered an R? of greater than 0.847,
and even had a minimum R? value of 0.00, while the average R? value of their 28
experiments was 0.369. Given the location of their research (shallow, eutrophic,
freshwater lake) and its similarities to the San Joaquin River (shallow, slightly eutrophic,
freshwater), the dilution method was attempted twice and determined as an unsuitable
method. However, the ease of which grazing rates are calculated (linear regression) is
convenient.

Ideally, a method to measure zooplankton grazing that allows for amplification of
the zooplankton concentration instead of decreasing levels through dilution is needed.
Capriulo and Carpenter (1980) developed a method that partly satisfied this criterion by
concentrating zooplankton up to 10 times natural densities in order to enhance the micro-

zooplankton grazing effect in Long Island Sound, USA. Long Island Sound was subject
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to eutrophication effects (O’Shea and Brosnan 2000), and zooplankton densities were
likely increased in order to combat accelerated phytoplankton densities. By
concentrating zooplankton, rather than diluting, the grazing effect becomes measureable
in a system dominated by algal productivity. In the San Joaquin River, where the grazing
effect is often masked by phytoplankton growth, this method proved viable.

While grazing methods are inherently straightforward, the underlying dynamics
and artifacts are still mostly unknown. For example, much research involves determining
when zooplankton feed, in dark hours or light hours. Roman et al. (1988) conducted
multiple experiments on marine copepods and found mixed results in terms of when
copepods feed. For example, in instances where phytoplankton densities are above
5-ug/L, Roman et al. (1988) found that 90% of copepods would consume their daily
rations during dark hours. However, in instances of less abundant phytoplankton,
copepods will remain at the surface in dark and light hours in order to meet their daily
energy intake requirements. It is understandable that zooplankton prefer to feed in
darkness, as they would not be exposed to visually feeding predators. Comparisons of
dark and light feeding behaviors are necessary to try to understand zooplankton-
phytoplankton interactions.

Since many methods exist to determine grazing rates, grazing rates are often
reported with incomparable units (Hansen et al. 1997). For instance, grazing rates
reported by Landry and Hassett (1982) are given in units of reciprocal days, or d*, and
daily chlorophyll a stock consumption percentages. Capriulo and Carpenter (1980)
present grazing rates in terms of chlorophyll a removal, expressed as ng chlorophyll a

removed animal™® h™. Other studies report zooplankton in carbon equivalents (Hansen et
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al. 1997). While conversion between units is possible with measured zooplankton
concentrations and an assumed biomass-carbon ratio, many researchers do not present
these values, making comparison difficult.

Previous studies involving zooplankton grazing lack a universal approach, as
results are dependent on the study methods (Hansen et al. 1997). Evidence is shown in
attempts to transfer grazing methods to different environments (e.g. Tijdens et al. 2008)
or compare grazing rates between studies. These factors provide motivation for future

grazing experiments.
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2. Experimentation

Several experiments were conducted from June 2012 through July 2013 using the
dilution method, the food removal method, and the concentrating grazers method.
Samples were collected from two locations within the San Joaquin River watershed.
Study samples were collected from a dock extending to mid-river at Dos Reis County
Park, CA or at the Turning Basin of the San Joaquin River Deep Water Ship Channel,
located near Stockton, CA, as shown in Figures 1, 2, and 3. Table 1 summarizes the

studies performed. Methods utilized for these experiments are outlined in this section.
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Map prepaced by: Calfornia Department of Water Rescurces, San Joaquin Distnct, May 2003

Figure 1. Map of San Joaquin River watershed and sampling locations.
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Figure 2. Map showing Dos Reis Park sampling location on the San Joaquin
River.
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Figure 3. Map showing DWSC sampling location on the San Joaquin River.
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These study locations were chosen for several reasons. The Dos Reis Park location was

chosen for ease of access. This location was for preliminary experiments only, and with

a dock extending to mid-river, this location provided quick sample collection and

preparation. The Turning Basin location was chosen based on previous measurements

showing consistent phytoplankton and zooplankton populations in this region of the SJR.

Table 1. Summary of zooplankton grazing experiments performed.

Date

Sample Location

Method Used

June 29, 2012
July 17, 2012
July 31, 2012
August 13, 2012
August 20, 2012
September 21, 2012
October 22, 2012
April 18, 2013
June 7, 2013
June 18, 2013

July 25, 2013

Dos Reis Park
Turning Basin
Dos Reis Park
Turning Basin
Turning Basin
Turning Basin
Turning Basin
Turning Basin
Turning Basin
Turning Basin

Turning Basin

Dilution method
(Landry et al., 1982, 1995)
Dilution method
(Landry et al., 1982, 1995)
Food-removal method
(Gauld, 1951)
Food-removal method
(Gauld, 1951)

Concentrated grazers
(Modified Capriulo and Carpenter, 1980)

Concentrated grazers
(Modified Capriulo and Carpenter, 1980)

Concentrated grazers
(Modified Capriulo and Carpenter, 1980)

Concentrated grazers
(Modified Capriulo and Carpenter, 1980)

Concentrated grazers
(Modified Capriulo and Carpenter, 1980)

Concentrated grazers
(Modified Capriulo and Carpenter, 1980)

Concentrated grazers
(Modified Capriulo and Carpenter, 1980)
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The Dilution Method

One of the more common methods to measure the zooplankton grazing impacts in
aquatic systems is the dilution method. This section discusses its origins, as well as how

it was used in the San Joaquin River for this study.

Theory. The dilution technique, derived by Landry and others (1982, 1995),
establishes a method to estimate the grazing impact of zooplankton on algae using
microcosms where the zooplankton density is serially reduce with filtered water. Rates
of phytoplankton growth and grazing mortality were estimated from changes in algae
concentrations in microcosms incubated with different zooplankton densities. The

dilution method approach relies on the following assumptions (Landry and Hassett 1982):

1) The growth of individual phytoplankton is independent of other
phytoplankton

2) The likelihood of a phytoplankton cell being consumed is a direct function
of the rate at which it encounters consumers with prey cells

3) The phytoplankton density after incubation, P, is given by equations (1)
and (2) (Franks 2002):

dP
S =kyP — kP — CPZ 1)

P, = Pye(tkg=kn)-m)t )
where, kg is the algal growth constant, k,is the algal decay coefficient, m is the algal
mortality associated with grazing (product of the clearance, C and zooplankton density,

Z, m = C x Z), Py is the initial phytoplankton density in the microcosm, and t is time.
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Using equation 2, k, a representation of k, — k,., and m can be found with a minimum of

two dilutions. Expressing equation (2) in a linear form:
Smi=k-cz (3)
t Py

If microcosms are prepared with some of the zooplankton filtered from the incubated

water, then for each microcosm dilution prepared, equation (3) becomes

1l P—k (CZy)D 4
tnPO_ 0 (4)

where, D is the fraction of unfiltered water (no zooplankton removed) to total microcosm
volume and Z, is the zooplankton density prior to dilution. From this equation, the
change in phytoplankton density, the left hand side of equation (4), is linearly related to
the dilution factor, D. Linear regression analysis gives an equation with slope (CZ,), the
product of the clearance coefficient and the undiluted zooplankton density, and the y-axis
intercept, k, the net phytoplankton growth rate.

In many cases, mortality of phytoplankton is not solely caused by zooplankton
grazing, but may include other factors, such as respiration, senescence, physical or
chemical stresses, and viral lysis or bacterial infection (Evans et al. 2003; Sanderson et al.
2012). Evans et al. (2003) added an additional filtering stage to remove viruses with a
30-kDa membrane to further refine the dilution method by incubating microcosms
prepared with zooplankton-free dilution water or virus-free (also zooplankton-free)
dilution water. The algal mortality coefficients associated with both viruses and

zooplankton grazing were estimated by fitting lines to equations (5) and (6):

%lnpi = k — (m, + m) x D; (virus and grazer free) (5)
0
%lnPi =k —m, —mD (grazer free) (6)
0
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where, m,, is phytoplankton viral mortality. Through linear regression analysis, the

mortality rates due to viral lysis and zooplankton grazing are separated, as illustrated by a

hypothetical analysis Figure 4.

® Virus + grazer-free diluent
O Grazer-free diluent

Apparent growth rate (d~")

Fraction of 200=-um filtered lake water (D)

Figure 4. Ideal results from the use of the dilution method (Evans et al. 2003).

Experimental methods. The following section describes the methods used for
the dilution method experiments.

Sample collection. One full day of incubation plus 4-5 hours for sampling and
preparation was necessary for each microcosm trial. To obtain a single representative
sample, water collection was done with a 32-gal plastic drum, and then poured

immediately into two 20-L carboys for dark storage. Zooplankton were collected using a
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zooplankton trap with an 63-um plankton filter assembly attached, through which at least

20-L of river water was passed.

Sample preparation. Sample preparation was done onboard the research vessel.
Since it is pertinent that samples be processed within four hours of sampling, an onboard
filtration apparatus was assembled. Approximately half of the sample water was vacuum
filtered through a 20-cm diameter ceramic Buchner funnel equipped with a 20-cm
diameter Whatman Reeve Angel grade 230 paper filter (25-30-um pore size) to remove
large particles, such as sediments, in an attempt to speed up the sample preparation
process. Due to the high particulate matter present in the SJR, additional filtrations were
followed according to Tijdens et al (2008). In this method, a 200-pm filter was used for
half of the sample water, removing any large particles and large bodied zooplankton. For
our purposes, we intended to study the entire zooplankton population grazing, thus the
200-pm filtration step was not performed on the raw water. The remaining sample water
was vacuum filtered through a 18.5-cm diameter Munktel MG550-HA glass fiber filter
(1.5-pum pore size), a 47-mm Whatman GF/F filter, then filtered through a Sartorius-
Stedim Vivaflow 200 0.2-um filter cassette to remove any micro-zooplankton. However,
the 0.2-um filter allowed viruses that could affect phytoplankton to pass. Since we
intended to study the viral impact on phytoplankton mortality in the San Joaquin River,
only 7.5-L of sample water was filtered through the 0.2-um filter, and the remaining
7.5-L sample was passed through a Sartorius-Stedim Vivaflow 200 30-kDa filter cassette,
as shown in Figure 5. This yielded two dilution series, one potentially with viruses and
one without. Filtering was performed at pressures less than 30-kPa to reduce injury to

aquatic organisms. All equipment was thoroughly cleaned with an Alconox solution
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(10-g/L) and rinsed with deionized water multiple times prior to use. Filter cassettes
were prepared by passing 1-L of deionized water through each filter before and after

experimentation.

. Return
lfFiltrate Single Qutlet
Feed

- (Jﬂm‘ =" Pink flow restric-
< - v tor required for
2 back pressure
Filtrate j&[{ﬁ

Pump @—} Inlet

Figure 5. Filtration setup for 30-kDa and 20-um filter cassettes (Sartorius-Stedim).

Y

Sample

Only two dilutions are required for the experiment; however, to produce a
statistically permissible linear regression analysis, four dilutions were prepared (Landry
and Hassett, 1982). Triplicates of each dilution factor were made in 1.15-L polyethylene
bottles. Additional bottles were prepared for control (100% unfiltered water and no
added nutrients). The control sample was necessary to observe whether the organism
growth was nutrient limited. Each of the three dilution samples had nutrients (nitrate,
phosphate) added to them to eliminate a possible growth/grazing limiting factor. Adding
macro-nutrients to San Joaquin River water is typically not required due to the high
background concentrations; however, addition of NaNO3 and K,HPO,4 was done as a
precautionary measure. Bulk samples for microcosms were made in 4-L plastic

containers, and then transferred to the designated sample bottles for incubation. For
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nutrient analysis, 120-ml of each sample dilution was extracted. The sample bottles were
sealed without air bubbles to prevent any gas/liquid oxygen exchange within the sample.

Figure 6 shows a synopsis of the sample preparation order of events.

Initial Sample
(30-L)

47-mm
GF/F filter

% unfiltered

sample water
(note: only 3-100%
solutions are made) ~<

24-hr

Incubation at
natural

conditions

NaNO3
K2HPO4

Figure 6. Microcosm preparation method used for the dilution method.

K2HPO4

Sample incubation. The prepared sample bottles were incubated in the field for
24 hours. An isolated slough near the San Joaquin River was chosen based on its lack of
boating traffic and direct sun exposure without bank of vegetative shading. The samples

were tethered to a buoy at water depths of approximately 1-ft.
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The Food-Removal Method

A widely used alternative to the dilution method is the food-removal method,
developed by Gauld (1951). Microcosms with and without grazers are incubated in
darkness. The difference in chlorophyll a concentrations at the end of the incubation
period yields the grazing rate by subtracting the algal losses associated with decay
(microcosms without zooplankton) and directly calculating the algal mortality associated
with grazing (m).

Experimental methods. The following section describes the methods used for
the food-removal method grazing experiments.

Sample collection. Studies in the San Joaquin River at Dos Reis Country Park,
CA (July 31, 2012) and in the Turning Basin (August 13, 2012) were conducted. Water
samples were collected from locations with a 32-gal drum. This sample was then divided
between 1-L polycarbonate bottles for incubation. Three types of microcosms were
prepared: whole water, no zooplankton, and concentrated zooplankton (4X concentrating
was performed as an experimental trial). Zooplankton were removed from the collected
water using a 63-um plankton net. Concentrated zooplankton microcosms were prepared
from zooplankton captured in the plankton net.

Sample incubation. Samples stored in 1-L polycarbonate bottles were incubated
in a dark environmental chamber at 25°C. To evaluate potential settling impacts on
grazing, selected microcosms were mixed with a stir plate at low speed throughout
incubation. Chlorophyll a measurements were performed at time periods of 0, 3, 6, 24,
30, and 54-hr from dedicated microcosms. In the August 13, 2012 study, the 54-hr

measurement was excluded.

Report 4.4.2 33 0f 119



32

Modified Grazer Concentration Method

Theory. The grazer concentration method was developed by Capriulo and
Carpenter (1980) for field, in-situ measurements of zooplankton grazing. Without
concentrating zooplankton, changes in chlorophyll a during the incubation period had
proven to not be discernible. By concentrating the zooplankton, this method potentially
yields greater reductions in chlorophyll a and grazing mortality becomes more apparent,
as the influence of zooplankton grazing is no longer masked by phytoplankton growth or
inherent variability in chlorophyll a measurement.

The grazer concentration method was employed with microcosms using an
approach similar to the dilution method. Equation (3) serves as the basis; however,
instead of assuming that C and Z, are function of a dilution factor D (as in the dilution
method), in this case we assume that C and Z, are functions of a concentration factor, X.
Simply, Z = Z,X. Substituting this into equation, the resulting analytical solution is

presented in equation (7):
SmE=k-(czp)Xx (7
t Py

where, X is the zooplankton density concentration factor. The other parameters are
defined earlier.

Sample collection. Grazing trials were performed using the concentrating
grazers method as stated in Table 1. By August 2012, concentrations of zooplankton and
algae were extremely low in the San Joaquin River due to zero net flow conditions that
persisted throughout the summer 2012. However, plankton populations remained high in

the Turning Basin; therefore, collection of sample water was restricted to this location.
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Zooplankton samples used to concentrate the microcosms were taken from mid-depth
(~20-ft.), but water samples were collected from the surface.

Microcosms were prepared at concentrations of 0, 1, 7.5, 15, 22.5, and 30 times
(X) the background zooplankton density. The 22.5X concentration was added during the
September 21, 2012 study to investigate possible saturation feeding occurring at high
zooplankton concentrations. Zooplankton samples were collected with a 30-L Shindler-
Patalas trap fitted with a 63-um plankton net, as described previously. The control
microcosms (0X) consisted of river water filtered through the plankton net.

Sample preparation and incubation. Microcosms were conducted in 1-L
polycarbonate bottles. The concentrated zooplankton stock was well-mixed before the
preparation of each microcosm, as was the river water. Prepared microcosms remained
in darkness until deployment into the river. Prior to incubation, one to two preparations
of each microcosm concentration were reserved for initial chlorophyll a, nutrient, and
zooplankton measurement. Microcosms were incubated at varying times for the different
study dates, to facilitate greater reductions in chlorophyll a and get an average grazing
response for days with light and dark periods. Table 2 describes the incubation times and

locations.
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Table 2. Incubation times and locations for studies using the modified concentrated

grazers method.

Incubation Start

Study Date Time

Incubation End

Time

Total Incubation
Time (hours)

August 20, 2012 8/20/12 9:00 8/20/12 15:00 6
September 21, 2012 9/21/12 8:30 9/21/12 15:30 7
October 22, 2012 10/22/12 9:30 10/23/12 7:10 22.5
April 18, 2013 4/18/13 10:00 4/19/12 10:00 24
June 7, 2013 6/7/13 10:00 6/8/13 10:00 24
June 18, 2013 6/18/13 9:40 6/18/13 9:40 24
July 25, 2013 7/25/13 12:30 7/25/13 12:30 24

Figure 7 shows the incubation buoy setup, while Figure 8 shows the incubation

location. Samples were incubated at 1-ft. water depths. This location was selected due to

infrequent boating traffic, as well as the ability to incubate samples in even sunlight,

enabling the experiments to all experience the similar phytoplankton growth capabilities.
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Figure 7. Incubation buoy setup, with suspended microcosm bottles.

Figure 8. Incubation location outside of Village West Marina, Stockton, CA.

Incubation buoy is at left-center.
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After collection, the samples were immediately placed on ice in a closed cooler, and

transported directly to the laboratory for chlorophyll a extraction.

Nutrient and Zooplankton Analysis

Prior to the incubation period, subsamples of each microcosm were analyzed for
nutrients and zooplankton. Samples for nutrient analysis were immediately placed on ice
for preservation. Dissolved nitrate + nitrite nitrogen (NO3-N + NO-N) and total
ammonia/ammonium nitrogen (TAN) were quantified using an automated membrane
diffusion/conductivity detection method (Carlson 1978; Carlson 1986; Carlson et al.
1990). Dissolved Nitrite (NO,-N) was measured colormetrically by SM 4500-NO,
(APHA 2005). Total nitrogen (TN) was determined by the same method from unfiltered
sample following persulfate oxidation (Yu et al. 1994). Dissolved ortho-phosphate (POg4-
P) was quantified in filtered samples by the stannous chloride method SM 4500-P.D
(APHA 2005). Total phosphorus (TP) was determined on unfiltered sample by persulfate
digestion (Yu et al. 1994) and colorimetric determination by the stannous chloride
method SM 4500-P.D (APHA 2005). Dissolved silica was analyzed by using a modified
Heteropoly Blue molybdosilicate method (modified SM 4500-SiO2 D) (APHA 2005).

To cease organism activity, Lugol’s iodine fixative was applied immediately to
the samples designated for zooplankton measurement. Zooplankton samples were
thoroughly mixed by inversion and a 5-20-mL subsample was taken from each using a

Stempel pipette (volume adjusted for sediment amount in sample). The subsamples were
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added to a settling apparatus, and settled for 5-20 hrs depending on volume. Prior to
settling, 100-pL of 1% rose Bengal dye was added to facilitate counting of zooplankton.

Zooplankton were examined with a Leica DM-IL inverted microscope.
Identification of species follows standard texts (Balcer et al. 1984; Chengalath et al.
1971; Pennak 1989; Pontin 1978; Wallace 1991).

During zooplankton counts, the entire chamber floor was examined. For biomass
estimates, body measurements were taken from a maximum of twenty individuals of each
species using a calibrated ocular Whipple Grid. Conversion of body measurements into
biomass follows EPA (2003) publication LG403. Following publication LG403, a
minimum of 200 individual organisms are counted for each sample.

Repeat nutrient and zooplankton analysis was done after the incubation period to
capture the final respective concentrations of each sample. Zooplankton analysis for
samples using the concentrated grazers method was performed before and after the
incubation periods. In all cases, zooplankton analysis was done initially, but not for all

mixtures.

Chlorophyll a Analysis

Microcosms were individually sampled for chlorophyll a before and after the
incubation period per the Standard Method for measuring chlorophyll and pheophytin a
(APHA 2005). Subsamples ranging from 250-1000-ml were vacuum filtered through a
Whatman 47-mm GF/F filter, then washed with a 10-g/L solution of magnesium
carbonate (MgCQO:s) to prevent chlorophyll a decay. Filters were then carefully removed

from filter assembly and placed in coin envelopes and frozen until further processing.
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Within 28 days of sampling, samples were ground in a 90% acetone, 10% deionized
water solution with a glass tissue grinder. Once ground, the filters were placed in 15-ml
centrifuge tubes and stored in darkness at 0°C. Within 24 hours of grinding, samples
were centrifuged to separate solid filter debris and processed via spectrophotometer in a
5-cm cell at wavelengths of 750, 664, 647, and 630-nm before acidification, and at
wavelengths of 750 and 665-nm after acidification. In cases where microcystis was
abundant, samples were pre-screened through a steel mesh (Type 316 stainless steel, 47-
mm diameter) to remove any inedible algae (Bernardi and Giussani 1990). The pre-
screening was only performed with the June-July, 2013 studies. Tests were done to
determine if the chlorophyll a addition by these particles was significant. These tests
showed that chlorophyll a concentrations were amplified by the inedible algae.
Chlorophyll a concentrations after microcystis removal were used for the grazing rate

calculations.
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3. Results

The results of the dilution, food-removal, and grazer concentration methods, as
applied to the San Joaquin River, are discussed below. Only the grazer concentration
method provided measureable clearance rates of algae by zooplankton. However,
microcosm experiments performed during the trials in which zooplankton were removed
or incubated in darkness provided estimates of algal productivity and decay.
Additionally, nutrient sample concentrations for nitrogen, phosphorous, and silica species
are presented to establish whether limiting conditions influenced the microcosm

experiments.

Dilution Method Results

Results obtained from the June 29, 2012 study at Dos Reis Country Park are
shown in Figures 9 and 10. Algal mortality coefficients (m) were 0.0524-d* and
0.039-d™* for total grazing and viral decay, respectively. Chlorophyll a concentrations
ranged from 25-ug/L to 132-ug/L. Figure 9 illustrates the phytoplankton growth during
the incubation period. All of the microcosms experienced growth; however, the growth
is unpredictable in each microcosm, with ranges of chlorophyll growth up to 20-pg/L of
chlorophyll a for similar microcosms. This variability between microcosms is shown in

Figure 9.
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Figure 9. Change in chlorophyll a concentrations for each dilution series during
the 24 hour incubation period on June 29, 2012

The zooplankton grazing rate, m (units of d™*), could not be measured from linear
regression analysis (see equations [5] and [6]) because of poor linear fits and intersecting
regression lines (see Figure 10). Efforts to utilize only the filtered zooplankton
microcosm data to estimate algal mortality associated with grazing only (m) were
unsubstantiated because the correlation coefficients for the linear regression analysis

were poor, suggesting that these rates may be unreliable (see Figure 10).
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Figure 10. Phytoplankton growth rates via application of the dilution method (Tijdens et
al. 2008) to chlorophyll a concentrations obtained on June 29, 2012.

Figure 10 shows unexpected results. With this application of the dilution method,
the microcosms with and without viruses should follow a pattern similar to that illustrated
in Figure 4, with the virus and grazer free microcosms experiencing higher phytoplankton
growth rates. However, in this study, the microcosms with and without viruses
experienced similar phytoplankton growth rates, in addition to poor linear fits. Results

from this experiment are of limited use.
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Figure 12 illustrates the results obtained from application of the dilution method
on July 17, 2012 at the Turning Basin location of the San Joaquin River. These results
were also not able to be analyzed due to poor correlation coefficients and intersecting

lines. For both trials, grazing effects appear to be masked by high algal growth rates, as

shown in Figure 11.
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Figure 11. Change in chlorophyll a concentrations for each dilution series during
the 24 hour incubation period on July 17, 2012.

The poor linear fits and irregularities presented in Figure 10 and 12 have also
been observed by other investigators for different water bodies (e.g. Tidjens et al. 2008,
where 80% of trials failed to yield measurable grazing rates). Thus, this method appears

to be inappropriate for the San Joaquin River environment, even though it was recently
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used with success in an Australian lagoon to elucidate the dependence of the grazing rate

on algal productivity (Sanderson et al. 2012). However, the June 29 and July 17, 2012

trials did provide phytoplankton productivity rates, which are presented and discussed

later.
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Figure 12. Phytoplankton growth rates via application of the dilution method to

Percent Unfiltered River Water

chlorophyll a concentrations obtained on July 17, 2012.

Zooplankton and nutrient results. Water samples were analyzed for the June

29 and July 17, 2012 grazing experiments. Zooplankton densities of 14.99-ug/L and
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200-ug/L were measured for the June 29 and July 17, 2012 experiments, respectively.
The low zooplankton densities measured for the June 29, 2012 study may explain the
unpredictable results illustrated in Figure 10. With a lack of grazers, the microcosms
were dominated by chlorophyll growth (see Figure 9), which was variable as well.
Without consistent growth patterns and a lack of grazers, the results obtained for June 29,
2012 were highly variable, and did not yield accurate estimates of zooplankton grazing.
The July 17, 2012 results experienced similarly variable chlorophyll growth patterns;

however, grazers were abundant in these microcosms.

Nutrient analysis was performed only for the July 17, 2012 study, as the June 29,
2012 study served as a preliminary test of filtration methods. Nutrients were added to the
July 17, 2012 microcosms before incubation according to Tijdens et al. (2008), and
analysis was only done after the incubation period. Relevant nutrients, nitrate and
phosphate, were measured at concentrations of 0.821-mg/L and 0.199-mg/L,
respectively, indicating a nutrient limitation was nonexistent for this grazing study (see

Table 5).

Food-Removal Method Results

Results from the July 31, 2012 and August 13, 2012 studies conducted using the
food-removal method are presented in Figures 13 and 14, respectively. Figures 13 and 14
show chlorophyll a concentrations for the various microcosms (mixed with grazers,
unmixed with grazers, without grazers) at different measurement intervals. Figure 13

shows a consistent decline in chlorophyll a concentration with incubation time
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(experiments were performed in complete darkness); however, there was little difference
in chlorophyll a removal rate (similar line slopes) between samples with and without
zooplankton. In addition, mixing did not appear to influence the rate of decrease in
chlorophyll a concentration, as the lines paralleled one another. The July 31, 2012 study

was not analyzed for zooplankton or nutrients, as it served as preliminary study.
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Figure 13. Average chlorophyll a concentrations versus time with linear fits for samples
obtained on July 31, 2012,

Figure 14 shows the results from the application of the food-removal method to
samples collected at the Turning Basin location on August 13, 2012. The difference in

chlorophyll a concentrations between the various microcosms is unnoticeable, implying
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that zooplankton grazing was insignificant in chlorophyll a removal. As the incubation
time increases, a minor separation occurs; however, at a 30 hour incubation period, one
would expect the zooplankton grazing impact to be greater. Sample analyses revealed no
zooplankton were present in the microcosms, explaining the unnoticeable grazing effect.
This is illustrated through the similar line slopes between microcosms with and without

grazers. Thus, the phytoplankton mortality was due entirely to respiration.
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Figure 14. Average chlorophyll a concentrations versus time with linear fits for samples
obtained on August 13, 2012.

In the July 31 and August 13, 2012 food-removal studies, zooplankton grazing

was immeasurable. While previous studies show highly variable phytoplankton
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populations, zooplankton populations are also variable. Because zooplankton densities
remain unknown until after experimentation, grazing experiments often do not follow
predicted patterns. In cases where zooplankton are limited or nonexistent, grazing
experiments reveal no information regarding grazer induced phytoplankton mortality.
This is a drawback of this method, and grazing methods in general, in areas where

zooplankton populations are highly variable.

Modified Grazer Concentration Method Results

Zooplankton results. Zooplankton counts were completed for the grazing
experiments completed from August, 2012 through July, 2013. While only the 2013
studies included zooplankton concentrations measured at each microcosm concentration,
the same concentration method was used for all studies. Figures 15-18 illustrate the
accuracy of the process utilized to concentrate the zooplankton and the accuracy of the
zooplankton analysis method. With a minimum R? value of 0.9634, it is fair to say that

the method used to concentrate zooplankton in the individual microcosms is sufficient.

Figures 15-18 show total zooplankton (all species) densities, obtained from
zooplankton counts, as a function of designed zooplankton concentration. While the
initial zooplankton densities match the designed zooplankton concentrations, the final
zooplankton concentrations do not exhibit this pattern. In all studies, the zooplankton
densities decrease for the higher zooplankton concentrations (15, 22.5 and 30X). This

was not expected; however, it could help to explain grazing results presented later in this
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chapter. A summary of the linear regression fits to initial zooplankton densities is

presented in Table 3.
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Figure 15. Total zooplankton density versus designed concentration factor (X) with

linear fit for the April 18, 2013 grazing study.
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Figure 16. Total zooplankton density versus designed concentration factor (X) with
linear fit for the June 7, 2013 grazing study.
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Figure 17. Total zooplankton density versus designed concentration factor (X) with
linear fit for the June 18, 2013 grazing study.
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Figure 18. Total zooplankton density versus designed concentration factor (X) with
linear fit for the July 25, 2013 grazing study.

Table 3. Summary of initial zooplankton density linear regression fits.

Date Initial R
April 18, 2013 0.9929
June 7, 2013 0.9689
June 18, 2013 0.9634
July 25, 2013 0.9972

50

Chlorophyll a results. Figures 19-21 present absorbance ratios for wavelengths

of 664-nm (before acidification) and 665-nm (after acidification). The ratio of these

wavelengths is helpful in determining the health of the phytoplankton within the water

sample. Essentially, a high ratio (typically around 1.70) is associated with a healthy

phytoplankton population. The analysis in Figure 19 serves as proof that the sample

preparation method does not harm the phytoplankton within the microcosms, as most

Report 4.4.2

52 0f 119



51

samples exhibit ratios between 1.50 and 1.75, with a few outliers. These outliers are
likely associated with microcystis contamination in the samples, as these particles were
observed during this study. Efforts to remove these particles were undertaken; however,

contamination was still possible.
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Figure 19. Absorbance ratios for initial chlorophyll samples using the concentrated
grazers method.

Figures 20 and 21 show the absorbance ratios after the incubation periods for both
light and dark bottle microcosms, illustrating the stresses placed on phytoplankton within
the microcosms during the incubation period. Figure 20 shows that the phytoplankton
populations within the light microcosms were typically healthy, as all most ratios were

between 1.5 and 2.0.
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Figure 21 shows that the health of the phytoplankton populations within the dark
microcosms was more variable than that of the light microcosms. The range of
absorbance ratios was 1.40-1.95. However, this range of absorbance ratios is still

associated with healthy phytoplankton populations.
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Figure 20. Absorbance ratios for final (post-incubation) light bottle microcosms using
the concentrated grazers method.
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Figure 21. Absorbance ratios for final (post-incubation) dark bottle microcosms using
the concentrated grazers method.

Grazing results. Studies were conducted using the grazer concentration method
from August, 2012 through July, 2013. The chlorophyll a changes for each study date
are plotted against zooplankton concentration factor and presented in Figures 19-25.
Calculations were done using averaged chlorophyll a concentrations (see APPENDIX A.
CHLOROPHYLL ANALYSIS for raw values) between samples, and a carbon to

zooplankton biomass ratio of 0.45 (Hansen et al. 1997).

The slope of the linear regression fit line, k (d™*), can be converted into a
clearance coefficient, C (m*gC™d™) using the carbon to zooplankton biomass ratio of
0.45 and the natural zooplankton density obtained from the 1X microcosms. The

conversion is as follows:
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All samples exhibited minimal variation, which is discussed later. Only the
August 20, 2012 trial exhibited anomalous data that were excluded from the regression,
as shown in Figure 22. While the two preceding zooplankton density microcosms
produced a decline in chlorophyll a production, the 30X microcosms exhibited an
increase in chlorophyll a production. However, only the 30X microcosm data yielded
reasonable grazing rate coefficients when algal productivity was considered in the
analysis. Thus, the 7.5 and 15X data points were removed from the regression. This
reason for exclusion is not justifiable, thus, in discussion of the modified concentrating
grazers method, the August 20, 2012 results are omitted. It is worth restating that this
was a preliminary experiment, and the results are relatively insignificant. This

experiment served merely as a proof of concept.

The dark microcosms from August 20, 2012 exhibit no apparent pattern. The
results from this experiment show that grazing was not a function of zooplankton density;
however, with such poor R? values, the reliability of this dataset it questionable.

However, this pattern set forth more interest in the dark microcosms for future studies.

The results from Figure 22 and a natural zooplankton density of 85.88-pg/L
yielded clearance coefficients, C, of 0.564-m3gC ™ d™* and 0.43-m3gC*d™ for the light and
dark microcosms of the August 20, 2012 test study, respectively. These values are near
the typical range of 0.5-5.0- m3gC™*d™ for clearance coefficients (Chapra 1997); however,

the significance of these results is minute due to the reasons previously explained.
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Figure 22. Fitted linear regression for the August 20, 2012 grazing study light and dark
microcosms.

Figure 23 shows the September 21, 2012 study. With an R? of 0.9277, this was
the most strongly linear result achieved. With a relatively high natural zooplankton
concentration, the grazing effect is clearly visible, and increases with increasing
zooplankton density. A natural zooplankton density of 53.53-ug/L yields a clearance
coefficient, C, of 3.40-m3gCd™ for the light bottle microcosms and 0.934-m*gCd™ for

dark bottle microcosms.

The dark microcosms in Figure 23 illustrate a pattern different than that shown in
Figure 22. The dark September 21, 2012 microcosms illustrate a pattern similar to that of

the light samples from the same date: a consistent increase of grazing activity as
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zooplankton density increases. This pattern was expected; however, the other studies did

not experience such favorable results.
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Figure 23. Fitted linear regression for the September 21, 2012 grazing study light and
dark microcosms.

Figure 24 presents the results from the October 22, 2012 study, which showed a
moderately strong linear correlation (R? of 0.762 for light bottle microcosms). The
natural zooplankton concentration was 14.47-pg/L was typically low; however,
chlorophyll a concentrations ranged from 4-11-ug/L, yielding clearance coefficients, C,

of 2.27-m3gC ™ d™* and 1.41-m3gC ™ d™* for light and dark bottle microcosms, respectively.
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Interestingly, the grazing impact appears to saturate at zooplankton densities of 15, 22.5,

and 30X.

The saturation of grazing impact can also be seen through the dark microcosms in
Figure 24. With an R? of 0.4727, the results are only moderately linear, mostly due to the

plateau experienced in the 15-30X microcosms, similar to that of the light microcosms.
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Figure 24. Fitted linear regression for the October 22, 2012 grazing study light and dark
microcosms.

Figure 25 illustrates the results achieved from the April 18, 2013 grazing study.

This study was completed in early spring, thus chlorophyll a concentrations were
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moderate, ranging from 4-25-pg/L. Zooplankton counts showed a natural zooplankton
density of 87.31-pg/L, yielding a clearance coefficient, C, of 0.295-m*gC*d™ for light
bottle microcosms and 0.015-m3gC™*d™* for dark bottle microcosms. As with the October

22, 2012 study, the grazing impact appears to plateau at the higher zooplankton densities.

The dark microcosms illustrated in Figure 25 exhibit no apparent pattern. The
grazing does not increase with zooplankton density, but rather plateaus immediately.
This poor linear relationship implies that grazing may not be solely reliant on

zooplankton density.
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Figure 25. Fitted linear regression for the April 18, 2013 grazing study light and dark
microcosms.
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Figure 26 presents the results from the June 7, 2013 grazing study. A natural
zooplankton density of 189.72-pg/L yielded clearance coefficients of 0.424-mgC*d* and
0.006-m*gC™d™ for light and dark bottle microcosms, respectively. The plateau of
grazing impact experienced in the previous studies is seen in this study as well.
Chlorophyll a concentrations ranged from 9-45-ug/L, which is moderately high for this

section of the San Joaquin River.

The dark bottle microcosms did not experience an apparent grazing pattern.
These results became typical for grazing experiments using this method; however,
investigative capabilities are limited in grazing experiments, as only a few select factors

(e.g. sunlight, temperature) can be controlled.
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Figure 26. Fitted linear regression for the June 7, 2013 grazing study light and dark
microcosms.
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Figure 27 illustrates an evident grazing pattern, as the grazing impact increases
with zooplankton density for the light microcosms. A natural zooplankton density of
131.31-pg/L yields clearance coefficients of 0.393-m*gC™d™ and 0.030- m3gC™d™ for
light and dark bottle microcosms, respectively. There appears to be an anomaly with the
7.5X microcosm, which experienced a similar grazing effect to the 15X microcosm;
however, the higher zooplankton densities are clearly distinguishable. Interestingly, the
dark microcosms showed no such grazing pattern. With the linear regression analysis
producing an R? of 0.182, there is no detectable grazing pattern, suggesting that the
grazing impact in all samples is relatively equal. This contrasts with the results achieved
in the light microcosms. Considering that chlorophyll a concentrations ranged from 5-
44-ug/L, perhaps the zooplankton reached a feeding saturation, where they could no

longer induce a greater grazing impact.
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Figure 27. Fitted linear regression for the June 18, 2013 grazing study light and dark
microcosms.

The results from the July 25, 2013 grazing study, as shown in Figure 28, exhibit a
similar plateau pattern as many of the previous studies. A natural zooplankton density of
138.97-pg/L yielded clearance coefficients of 0.545-m*gC™d™* and 0.154- m*gC*d™* for

light and dark bottle microcosms, respectively.

At the higher zooplankton densities, grazing appears to reach a maximum, which
it maintains throughout the microcosms. Chlorophyll a concentrations ranged from
5-37-pg/L, which are moderate for this region. The dark microcosms have a moderately
strong linear relationship, which suggests that grazing was increasing with zooplankton

density.
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Figure 28. Fitted linear regression for the July 25, 2013 grazing study light and dark
microcosms.

Table 4 presents the information relating to calculation of grazing rates, as well as

the range of grazing rates calculated for the studies completed between 2012 and 2013.
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Table 4. Zooplankton grazing rate coefficients measured for the grazer concentration
method light and dark microcosms performed from 2012 to 2013.

Light Algal Dark Algal

Initial Range Clearance Clearance
of Zooplankton Coefficient (C) Coefficient
Chlorophylla  (unconcentrated) (m¥gCld™) (©)
Date (ng/L) (ng/L) (m*gCd™)
August 20, 4.24 - 13.27 85.88 0.564 0.430
2012
September 8.32 -14.23 53.53 3.404 0.934
21, 2012
October 22, 4.90 - 10.20 14.47 2.273 1.413
2012
April 18, 468 —21.12 87.31 0.295 0.015
2013
June 7,2013 10.61 —38.48 189.72 0.424 0.006
June 18, 6.73 — 36.63 131.31 0.393 0.030
2013
July 25,2013 5.08 — 36.82 138.97 0.545 0.154

The dynamics of zooplankton feeding at high zooplankton densities are relatively
unknown, but the grazing experiments conducted from August 2012 through July 2013
suggest possible feeding saturations. Interestingly, this pattern was not seen in every
experiment, suggesting that chlorophyll a concentrations have some importance to
feeding dynamics. The San Joaquin River is a unique environment, so these dynamics

will be further discussed later.

Nutrient Results

As previously stated, nutrient samples were analyzed for most of the grazing

studies conducted between years 2012 and 2013. While nutrient limitations were never a
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real concern considering the history of San Joaquin River nutrient loadings, these
analyses were done as a precautionary measure. Table 5 shows the nutrient
concentrations before and after the incubation periods (where applicable). For the studies
using the grazer concentration method, 30X microcosm nutrient results are presented, as
these are the microcosms where nutrient limitations would most likely be present.
Significant differences in nutrients were not observed before and after the incubations
periods. In all cases, addition of nutrients was deemed unnecessary, and thus, to simplify
field procedures, was ignored. Nutrient changes before and after the incubation periods

were minimal and likely associated with analysis errors.

Table 5. Nutrient concentrations before and after microcosm incubation by sample date.
October, 2012 — July, 2013 nutrient values are from 30X zooplankton concentration
factor microcosms.

Phosphate
Nutrients Nitrate Concentration Concentration (mg/L
Date Added (Y/N) (mg/L - Initial/Final) - Initial/Final)
June 29, 2012 N NA NA
July 17, 2012 Y NA/0.821 NA/0.199
July 31, 2012 N NA NA
August 13, 2012 N NA NA
August 20, 2012 N NA NA
September 21, N NA NA
2012
October 22, 2012 N NA/2.315 NA/0.348
April 18, 2013 N 2.963/3.022 0.334/0.388
June 7, 2013 N 1.560/1.459 0.312/0.350
June 18, 2013 N 1.986/1.947 0.475/0.408
July 25, 2013 N 1.589/1.421 0.6147/0.5332
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Algal Productivity and Respiration

The zooplankton grazing microcosm studies completed between 2012 and 2013
also provided information about algal productivity and respiration rates. Figure 29
presents a general respiration rate achieved from all studies using the concentrating
grazers method. The fitted first order decay curve yields a respiration rate, k;, of

approximately 0.3695-d™ (R? of 0.7739).
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Figure 29. Algae respiration (slope) rates measured in dark bottles without zooplankton.
Data from trials performed from August 20, 2012 to July 25, 2013.

Report 4.4.2 67 of 119



66

4. Discussion

This chapter serves as a discussion of the results presented in Chapter 3. Each
method is discussed for its strengths and weaknesses, and what it represents in terms of

understanding the zooplankton-phytoplankton relationship in the San Joaquin River.

The Dilution Method

Application of the dilution method, as shown in Figures 10 and 12, was
unsuccessful in the San Joaquin River. These experiments failed to produce measurable
zooplankton grazing rates, for several reasons. Phytoplankton production in both trials
was dominant as seen in Figures 9 and 11. Phytoplankton growth, as measured by
chlorophyll changes pre and post incubation, during the June 29, 2012 study (Figure 9)
ranged from 4-35-pg/L, with similar growth patterns occurring in the July 17, 2012
(Figure 11) study (ranged from 1-36-jug/L). Both studies contained significant
zooplankton populations (14.99 and 200-pg/L on June 29 and July 17, 2012,
respectively); however, grazing effects appeared to be small relative to the high
phytoplankton growth rates. Since this method relies on the serial dilution of
zooplankton populations, the effect of grazing on phytoplankton was further reduced. In
addition, the changes in chlorophyll a in samples with and without zooplankton provide

evidence that grazing was insignificant as compared to chlorophyll growth.
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Grazing patterns obtained from the June 29 and July 17, 2012 study dates were
similar to those of Tijdens et al. (2008). Several factors that induce poor results could be
associated with variations in phytoplankton populations between microcosms, variations
in zooplankton populations between microcosms, and high algal productivity rates (as
stated previously). These factors are uncontrollable for in-situ experiments, as
zooplankton and phytoplankton populations were captured from natural environments,
rather than laboratory prepared. The species and quantity of zooplankton within the
microcosms are unknown until after experimentation; whether the zooplankton within the
microcosms will feed on the available phytoplankton is unknown. This method might be
better suited for laboratory experiments where specific zooplankton species (e.g.
copepods) can be placed in microcosms to determine feeding rates. For example,
significant research has been done to determine the feeding rates of copepods, including
investigations by Gauld (1951) and Roman et al. (1988). Specific species grazing is
different than community grazing, which yield estimates of overall grazing rates. In
addition, grazing patterns are dependent upon several factors (e.g. time of day,
temperature) that vary for different species; these factors can be better controlled in a

laboratory setting.

The Food-Removal Method

The food-removal method results were shown in Figures 13 and 14. Figures 13
and 14 suggest that phytoplankton mortality was largely due to respiration, as shown by

the similar linear regression line slopes of microcosms with and without grazers. These
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studies also failed to produce measurable grazing rates. Zooplankton analysis on August
13, 2012 revealed a zooplankton density of 54.78-ug/L; however, the grazing effect by
these zooplankton was undetectable. This behavior could not be due to phytoplankton

production; since all microcosms were incubated in darkness.

The food-removal method studies did provide insight into the effect of mixing on
phytoplankton behavior within the microcosms. A subset of microcosms was mixed to
determine the influence on mixing on grazing and respiration. From Figures 13 and 14,
unmixed samples experienced faster phytoplankton mortality rates (steeper slopes) than
mixed microcosms (Figure 13: -0.4744 unmixed compared to -0.3922 mixed; Figure 14: -
0.6645 unmixed compared to -0.578 mixed). This mortality could be associated with
respiration, grazing, or viral losses. Whether settling had an influence on grazing is
unknown, as grazing was immeasurable during these studies, as shown by the similar
chlorophyll a slopes for microcosms with and without zooplankton. However, this
observation does suggest that phytoplankton health may be dependent upon mixing
within the microcosm. Studies using field incubation techniques are unable to produce
significant mixing within the microcosms, which could contribute to phytoplankton
mortality. Since laboratory incubation is not always feasible (e.g. time constraints, light
conditions), understanding that consistently mixing microcosms possibly promotes

phytoplankton health should be noted and investigated further.
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The Modified Grazer Concentration Method

The grazer concentration method was utilized because of its ability to produce
measureable grazing rates, when other methods (e.g. dilution, food-removal) failed.
Capriulo and Carpenter (1980) first used this method; however, our modifications
allowed this method to be in-situ. By capturing zooplankton with a zooplankton trap,
laboratory preparation of zooplankton was unnecessary, and field microcosm preparation
was enable. Figures 22-28 present the results of grazing trials performed with
zooplankton concentrations up to 30 times their natural densities. Measurable rates were
obtained because zooplankton concentrations were amplified to a level where the grazing
effect by zooplankton populations was noticeable. Clearance rates (Table 4: light: 0.295-
3.404-m*gCd™, dark: 0.006-1.413-m°gC*d™*) were near or within the typical range
proposed by Chapra (1997), suggesting that this is a viable method for estimating
zooplankton grazing impacts. Light bottled microcosms exhibited moderate to good
linear fits (Figures 22-28: R% 0.5838-0.9277); however, a plateau effect was observed in
high zooplankton density microcosms (22.5, 30X). There are a few possible sources for

this effect, which are discussed later in this chapter.

Discussion of preparation and analysis methods. This section discusses the
preparation and analysis techniques used for the grazing experiments and the validity of

these methods.

Chlorophyll a concentrations. The food-removal and grazer concentration
method analyses presented in Chapter 3 used averaged chlorophyll a concentrations to

represent a subset of samples. Averages were solely used in the modified concentrated
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grazer studies because of the consistency observed in chlorophyll analysis between
similar samples (see APPENDIX A. CHLOROPHYLL ANALYSIS). Asshown in
Figure 11, the algal growth during the incubation period for similar samples is typically
0-7-pgLd™, suggesting similar phytoplankton populations within similar microcosms.
This is also illustrated in Figures 19-21, showing similar absorbance ratios for similar
samples. The maximum standard deviations for similar samples are 0.052, 0.079, and
0.165 for initial, final light, and final dark microcosms, respectively. These figures show

accuracy in preparation, analysis and experimental methods.

Duplicate samples were typically prepared for each sample subset; however,
single samples were used for initial chlorophyll samples in 2013 because half of each
sample was designated for zooplankton analysis. Duplicate samples were analyzed for

all final chlorophyll concentrations in all the grazing trials.

The consistency and accuracy in the chlorophyll analysis methods used is
sufficient to dismiss this as a potential factor in microcosm grazing rate variation. The
patterns observed in the 2012-2013 grazing studies are likely due to other factors present
within the microcosms during the incubation period; however, variations in chlorophyll

analysis are insignificant and do not noticeably effect grazing rates.

Zooplankton analysis. Zooplankton analyses were conducted for every
experimental study; however, the 2013 modified concentrated grazers studies were given
increased interest in zooplankton activity within the microcosms during the incubation
period, necessitating the analysis of zooplankton before and after incubation periods.

Figures 15-18 illustrate the total zooplankton densities within a representative microcosm
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for the concentrated grazers method as a function of the designed zooplankton
concentration factor (X). All samples contained initial zooplankton concentrations near
their designed concentrations (see Table 3 for R? values), illustrating that the preparation
technique for these samples is sufficient. In addition, Figures 15-18 illustrate accuracy in

the zooplankton measurement method.

Contrary to the initial zooplankton densities measured within the microcosms, the
final zooplankton densities experienced decreases. On the April 18, June 18, and July 25,
2013 grazing trials, the high density zooplankton microcosms experienced significant
decreases in zooplankton density. A comparison of grazing coefficients calculated using

both the theoretical and final zooplankton concentration factors is shown in Table 6.
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Table 6. Comparison of grazing rates, clearance rates, and R? values calculated from
theoretical and final zooplankton concentration factors for light and dark microcosms
using the grazer concentration method.

Initial Final
Initial Clearance Final Clearance
Study Grazing Rate Grazing Rate

Date  Rate (d?) (m°gC'd?) InitialR> Rate (d?) (m’gC’d?) Final R?

04/18/13

Light 0.0116 0.295 0.7220 0.0190 0.484 0.6243
06/07/13

Light 0.0362 0.424 0.5838 0.0831 0.973 0.9646
06/18/13

Light 0.0232 0.393 0.8239 0.0083 0.140 0.1110
07/25/13

Light 0.0341 0.545 0.6695 0.0806 1.289 0.8253
04/18/13

Dark 0.0006 0.015 0.0109 0.0021 0.053 0.0465
06/07/13

Dark 0.0005 0.006 0.0016 0.0128 0.150 0.3868
06/18/13

Dark 0.0018 0.030 0.1820 0.0004 0.007 0.0087
07/25/13

Dark 0.0096 0.154 0.5842 0.0217 0.347 0.6604

From Table 6, using the final zooplankton concentration factors observed in the
microcosms alters the clearance rates dramatically. There is not a consistent pattern of
change in the clearance rates due to using the theoretical or final zooplankton
concentration factors; however, noting these changes is of interest. The final zooplankton
densities do not follow the theoretical concentration lines (see Figures 15-18), implying
that zooplankton densities were fluctuating within the microcosms. Clearance rates for
light bottled microcosms typically increased (with the exception of the June 18, 2013
trials). In addition, there were few small-bodied grazers present during final zooplankton

analysis, suggesting that the large bodied grazers contributed the majority of grazing in
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the microcosms. The contrast between initial and final zooplankton concentration factors
could significantly alter the grazing rates obtained by the grazer concentration method. It
was expected that zooplankton densities were not constant in the microcosms throughout
the incubation periods; however, using the initial zooplankton densities appears to
underestimate the clearance rates significantly. A reasonable assumption is that the

actual clearance rates are situated between the two rates presented in Table 6.

Nutrient limitations. Nutrient limiting conditions in the microcosms were not
expected during the grazing studies performed from 2012-2013 due to high background
concentrations in the San Joaquin River. However, nutrient analysis was performed on
most occasions to verify this assumption. Table 5 presents the nitrate, phosphate, and
silica species analysis results for the various grazing studies. As seen in Table 5, nutrient
concentrations before and after the incubation periods were similar for all microcosms,
suggesting nutrients were consistently available for aquatic organisms within the

microcosms.

Several grazing trials from 2012-2013, most notably those is Figures 24-26 and
28, experienced plateaus in grazing at high zooplankton concentration factors. While
nutrients have a significant effect on microorganism activity within a water body, the

observed plateaus are not likely attributed to nutrient uptake limitations.

Discussion of zooplankton populations. Zooplankton densities were measured
before and after incubation periods for each microcosm concentration (see Figures 15-
18). The initial zooplankton densities were near their designed values; however, declines

in densities were experienced in the high density microcosms (15, 22.5, and 30X).
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Reasoning for this is unknown; however, several factors could contribute to this
occurrence. Nutrient limitations were not present (as previously discussed). In addition,
food limitations were not present, as the higher density microcosm contained the highest
amounts of chlorophyll a, and contained significant amounts post-incubation (see

APPENDIX A. CHLOROPHYLL ANALYSIS).

One factor that could have caused zooplankton mortality is bacterial growth. The
microcosms were sealed, suggesting organism waste products would be kept within the
microcosm. In a natural setting, waste products would be removed from an organism’s
location, either by settling or water flow, thus bacteria feeding on these waste products
would not be located near the waste source. Enveloping many members of the
microorganism food chain in a 1-L microcosm can produce unexpected stresses, such as

bacterial growth, that could produce unforeseen zooplankton mortality.

Another contributing factor to zooplankton mortality is the spatial limitations
present within the microcosm. Subjecting any organism to a confined space smaller than
their natural habitat will induce stress. It is a possibility that containing high densities of
zooplankton in a space-limited microcosm for 24 hour durations caused unexpected

mortalities.

Issues with all microcosm experiments are inherent to isolating a water sample
and are often unavoidable. However, this is currently the most feasible method of

measuring zooplankton grazing.

Discussion of phytoplankton populations. Similar to zooplankton populations

within the microcosms, phytoplankton populations were also placed in a stressful
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environment. To test whether phytoplankton populations remain in good physiological
health through the experimental process, ratios of absorbance wavelengths 664-nm
(before acidification) and 665-nm (after acidification) were presented in Figures 19-21.
Figure 19 shows these ratios before the incubation period, and Figures 20 and 21 present

these ratios after the incubation period for the light and dark microcosms, respectively.

Initially, all trials contained healthy phytoplankton populations for all
microcosms, as absorbance ratios ranged from 1.5-2.0 for most samples. A healthy algal
community will typically exhibit a ratio of 1.7 and unhealthy communities will yield
absorbance ratios of 1.0, indicating all chlorophyll a has decomposed to pheophytin a.
Figure 19 ensures that the sample preparation process for the grazer concentration

method is not harming phytoplankton.

Figures 20 and 21 also illustrate that the phytoplankton populations maintained
their health throughout the incubation period. Absorbance ratios for the light microcosms
(Figure 20) were generally higher than those of the dark microcosms (Figure 21). Since
phytoplankton require sunlight to live, this was expected. Figure 21 also illustrates that
the zooplankton were provided with prey throughout the incubation period, as the

phytoplankton populations were able to endure a prolonged period of darkness.

Discussion of grazing rates. Figures 22-28 illustrate the zooplankton grazing
patterns observed within the grazer concentration method microcosms. Generally, this
method produced measureable grazing rates, with moderate to good linear fits for the
light bottle microcosms, as stated previously. Clearance rates were typically within the

range proposed by Chapra (1997) of 0.5-5.0-m?gC*d, suggesting this is a viable method
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for estimating zooplankton grazing impacts in this study location. However, Figures 24-
28 exhibit an unexpected pattern associated with the high zooplankton density (15, 22.5,
and 30X) microcosms, in which the grazing effect appears to saturate. Referring to
Figures 15-18, this pattern could be induced by the mortality of zooplankton in the high
density microcosms. As previously discussed, zooplankton populations in the high
density microcosms often decreased during the incubation periods. While the cause of
this mortality is unknown, the decrease in zooplankton population may partially explain

the decrease in grazing.

Unexpected results were obtained from the dark bottle microcosms; these trials
were unable to produce consistent grazing patterns. Table 4 shows the clearance rates
obtained from the dark bottle microcosms, which were typically within the range
proposed by Chapra (1997) (range of C: 0.006-1.413-m*gC*d™); however these
experiments produced poor linear fits (R? range of 0.0016-0.7343; average R? of 0.3008).
Roman et al. (1988) observed that copepods consume 90% of their daily food intake
during dark hours, likely to avoid visually feeding predators. However, the results
obtained from dark microcosms suggest lower grazing rates in darkness, compared to
grazing rates in light microcosms. Causes for this observation are unknown, but could be
related to zooplankton species within the microcosms. Zooplankton counts revealed a
variety of different zooplankton species within the microcosms (see APPENDIX B.
ZOOPLANKTON ANALYSIS); all zooplankton species feed differently and in different
conditions (e.g. darkness, daytime, different temperatures, different algal levels). Current
methods do not allow for selection of zooplankton species within the microcosm, thus the

amounts of each type of zooplankton within microcosms are not identical.
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Clearance rates are known to depend on many factors that include algae saturation
(Mullin et al. 1975; Fenchel 1982), lower feeding thresholds (Frost 1975; Kiorboe et al.
1985; Jeong et al. 2007), zooplankton species and size selectivity (Hansen et al. 1994;
Hansen et al. 1997; Roman et al. 1988), acclimation to ambient food and the influence of
algal production rates (Sanderson et al. 2012). The modified grazer concentration
method studies performed from 2012-2013 showed a strong grazing dependence on
phytoplankton production as indicated by higher grazing rates measured in light than dark

microcosms.

Additionally, clearance rates are dependent on phytoplankton levels, specifically,
when saturation levels occur. Bowie et al. (1985) suggest that half-saturation values for
chlorophyll a range from 5.0-15-pg/L. Chlorophyll a concentrations range from 5-100-
Mg/L in the DWSC (Lee and Lee 2000). Fenchel (1982) suggested that clearance rates
decrease as phytoplankton approaches saturation levels. In the grazer concentration
method studies, phytoplankton populations increased with zooplankton concentration up
to 45-ug/L (see APPENDIX A. CHLOROPHYLL ANALYSIS); this could explain the
grazing saturation in high zooplankton density microcosms (15, 22.5, and 30X). The
most linear results were achieved during the September 21, 2012 study (R? of 0.7343), in
which phytoplankton populations were low (<15-pg/L). In addition, this study only used
a 7 hour incubation period, indicating that a 24 hour dark incubation period might dull the

grazing effect. Further investigation into this occurrence is needed.

In addition to differences between light and dark microcosms, seasonal
differences in grazing patterns were observed. The 2012 studies were conducted in late

summer to fall (August-October, 2012) and produced higher grazing rates than the 2013
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studies (conducted in spring to summer, April-July, 2013). Phytoplankton populations
were typically lower in the 2012 studies (less hours of sunlight, colder temperatures);
however, grazing was not expected to be significantly higher in these trials than in the
2013 trials. The ranges of clearance rates in 2012 and 2013 were 0.564-3.607-m°gC 'd™
and 0.295-0.545-m3gC ™ d™*. A possible cause of this observed pattern is that chlorophyll
levels were below saturation levels in 2012, thus zooplankton grazing was not limited, as
Fenchel (1982) suggests. Additional grazing trials are needed to confirm if this behavior

is reproducible or a random occurrence.

While several mechanisms may explain the grazing patterns observed in the
grazer concentration studies, it is unclear whether a single cause can be identified. The
observed behavior may be the result of a combination of factors, but the determination of
this is outside of the scope of this work. However, the observation of such zooplankton-

phytoplankton interactions may be an important area for future research.
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5. Conclusions

Measuring zooplankton grazing has rendered many research efforts as scientists
try to understand the underlying microorganism dynamics of various water bodies.
Zooplankton and phytoplankton exist in a balance in which the success of one organism
is largely dependent on the success of the other. Research completed between 2012 and
2013 in the San Joaquin River attempted to quantify zooplankton grazing rates to better
understand this relationship.

The dilution method (Landry and Hassett 1982) produced immeasurable grazing
rates. This was due to serial dilutions of zooplankton populations, which decreased the
measurable grazing effects. Because our study location in the San Joaquin River was
highly productive, zooplankton grazing was typically masked by phytoplankton growth.
A highly productive environment for algae and serial dilutions of zooplankton within the
microcosms produced results indicating that the dilution method was unsuitable for this
study location.

The food-removal method (Gauld 1951) experiments uncovered many factors
about zooplankton-phytoplankton interaction in the San Joaquin River. Firstly,
zooplankton populations are highly variable. Because the San Joaquin River is subject to
different flow, vegetative, and bathymetric conditions (anthropogenic or naturally

caused) at different stretches, the organisms within the river are inconsistent. The food-

Report 4.4.2 81 of 119



80

removal method also revealed that there is a possible dependence of zooplankton grazing
upon phytoplankton production, as all trials using this method were conducted in dark
environments and grazing was immeasurable.

While the dilution and food-removal methods failed to produce measurable
grazing rates, a modified concentrated grazer method succeeded. By concentrating
zooplankton up to 30 times their natural densities, grazing and clearance rates were
measureable, and were typically within the range of literature values (Chapra 1997). In
addition to producing measurable grazing rates, this method also revealed relationships
between zooplankton and phytoplankton in the San Joaquin River. Zooplankton were
observed to exhibit predictable grazing patterns in light conditions, while dark conditions
resulted in poorly linearly correlated grazing patterns. This observation was contrary to
literature suggestions (e.g. Roman et al. 1988); however, it may suggest that other
undiscovered factors are important to grazing rates in the San Joaquin River.
Development of a water quality model with zooplankton-phytoplankton interactions
could help to elucidate and prioritize important mechanisms and guide future
zooplankton grazing investigations in this region.

The grazing trials conducted between 2012 and 2013 also present several
obstacles for future researchers in this area. One obstacle is the inability of closed
microcosms to present accurate grazing measurements. Experiments revealed decreases
in zooplankton populations between during microcosm incubation, suggesting that
zooplankton mortality could be significant. While the source of this mortality is
unknown, future researchers could reduce the stress (e.g. bacterial growth, space

limitations, etc.) placed on organisms within their microcosms by reducing the
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concentration factor. In addition, much of the previous research in the area of
zooplankton grazing measurement has presented results in units partial to its respective
researchers (Hansen et al. 1997). This approach leads to results that are often difficult to
compare directly. One of the goals of this research was to present results such that
comparison is simple, or already complete. Researchers present either grazing rates

(k [d™]) or clearance rates (C [m*gC™*d™]), but rarely both. Without the reporting of
zooplankton concentrations (often the case), conversion between the two rates not
possible. Future research in this area should strive to present results in a manner which
facilitates conversion between grazing and clearance rates.

This research revealed many possible factors existing in the relationship between
phytoplankton and zooplankton within the San Joaquin River; however, many of the
factors in this relationship remain unknown. Future microcosm grazing research should
incorporate possible factors (e.g. light/dark dependent grazing, bacterial growth within
microcosms, settling within microcosms) to further improve our understanding of their
significance. For example, possible anomalous zooplankton grazing under light and dark
microcosms offer new opportunities for future research in the San Joaquin River.
However, the implications of these grazing rates on algal populations and dissolved
oxygen deficits in the San Joaquin River should first be evaluated with water quality
model simulations to assess the importance of incorporating zooplankton-phytoplankton

interactions in the tools used for resource management.
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Table 7. Chlorophyll analysis for the June 29, 2012 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L)  Pha (ug/L)
06/29/12 0.2um, 20% RW, 24hr inc 1.7 29.9 15
06/29/12 0.2um, 60% RW, 24hr inc 1.6 62.8 9.9
06/29/12 0.2um, 60% RW, 24hr inc 1.6 77.5 12.1
06/29/12 100%RW, 24hr inc 1.7 130.0 6.0
06/29/12 100%RW, 24hr inc 1.8 111.3 -9.7
06/29/12 100%RW, 24hr dark inc 1.6 99.4 14.7
06/29/12 0.2um, 60% RW, 24hr inc 1.6 66.3 11.0
06/29/12 30kDa, 60%RW, 24 inc 1.6 68.5 17.2
06/29/12 0.2um, 20% RW, 24hr inc 1.7 26.2 -0.3
06/29/12 0.2um, 40% RW, 24hr inc 1.7 45.8 3.7
06/29/12 30kDa, 40%RW, 24hr dark inc 1.7 39.7 1.9
06/29/12 0.2um, 40% RW, 24hr inc 1.7 51.9 0.9
06/29/12 0.2um, 20% RW, 24hr inc 1.7 30.9 0.2
06/29/12 100%RW, no inc 15 92.0 27.6
06/29/12 100%RW, 24hr inc 1.7 83.8 -0.7
06/29/12 100%RW, 24hr inc 1.7 132.0 5.8
06/29/12 30kDa, 40%RW, 24hr inc 1.7 43.1 2.7
06/29/12 30kDa, 20%RW, 24hr inc 1.7 32.0 0.7
06/29/12 100%RW, no inc 1.6 101.6 16.2
06/29/12 30kDa, 40%RW, 24hr inc 1.6 52.0 4.0
06/29/12 30kDa, 60%RW, 24 inc 1.6 65.3 14.4
06/29/12 100%RW, 24hr inc 1.7 118.8 2.8
06/29/12 30kDa, 20%RW, 24hr inc 1.7 25.5 0.2
06/29/12 30kDa, 20%RW, 24hr dark inc 1.7 20.5 -1.1

Notes: “0.2um” signifies samples filtered through a 0.2-pm filter
“30kDa” signifies samples filtered through a 30-kDa filter
“% RW? signifies the percentage of unfiltered river water within the sample
“inc” signifies incubation
“664y,” signifies wavelength 664-nm before acidification
“665,” signifies wavelength 665-nm after acidification
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Table 8. Chlorophyll analysis for the July 17, 2012 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L) Pha (ug/L)
07/17/12 0.2-um 20% 1.8 19.7 -1.8
07/17/12 0.2-um 20% 1.8 18.8 -1.9
07/17/12 0.2-um 20% 1.8 18.9 -1.6
07/17/12 30-kDa 20% 1.8 17.2 -2.3
07/17/12 30-kDa 20% 1.6 75.3 7.3
07/17/12 30-kDa 20% 1.8 15.4 -1.8
07/17/12 0.2-um 40% 1.7 31.6 -1.0
07/17/12 0.2-um 40% 1.7 32.1 -1.2
07/17/12 0.2-um 40% 1.7 29.9 -0.8
07/17/12 30-kDa 40% 1.7 29.9 -1.1
07/17/12 30-kDa 40% 1.7 29.4 -1.0
07/17/12 30-kDa 40% 1.7 29.9 -0.7
07/17/12 0.2-um 60% 1.7 45.0 -0.5
07/17/12 0.2-um 60% 1.7 47.6 -0.1
07/17/12 0.2-um 60% 1.7 46.2 -0.2
07/17/12 30-kDa 60% 1.7 45.0 -0.2
07/17/12 30-kDa 60% 1.7 44.7 11
07/17/12 30-kDa 60% 15 30.7 16.1
07/17/12 100% Initial 1.6 68.9 5.2
07/17/12 100% Initial 1.6 68.9 8.7
07/17/12 100% After 1.7 104.6 -5.5
07/17/12 100% After 1.7 87.2 -54
07/17/12 100% After 1.7 85.7 -5.3

Notes: “0.2-um” signifies samples filtered through a 0.2-pum filter

“30-kDa” signifies samples filtered through a 30-kDa filter
“%” signifies the percentage of unfiltered river water in a sample
“After” signifies post-incubation samples

“664y,” signifies wavelength 664-nm before acidification

“665,” signifies wavelength 665-nm after acidification
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Table 9. Chlorophyll analysis for the July 31, 2012 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L) Pha (ug/L)
07/31/12 WGNS TO 15 315 13.1
07/31/12 WGNS T0 15 33.6 12.2
07/31/12 WOG T0 1.5 30.7 12.9
07/31/12 WOG T0 1.5 31.1 119
07/31/12 WGS TO 15 34.9 11.9
07/31/12 WGS TO 15 34.7 13.0
07/31/12 CGNS TO 1.6 62.5 13.7
07/31/12 CGNS TO 1.6 69.5 13.6
07/31/12 WGNS T3 15 315 12.2
07/31/12 WGNS T3 15 33.4 115
07/31/12 WOG T3 15 30.1 10.3
07/31/12 WOG T3 15 304 12.3
07/31/12 WGS T3 15 35.6 12.8
07/31/12 WGS T3 15 39.1 10.9
07/31/12 WGNS T6 15 333 13.4
07/31/12 WGNS T6 15 315 11.1
07/31/12 WOG T6 15 31.0 12.1
07/31/12 WOG T6 15 27.7 12.4
07/31/12 WGS T6 15 33.1 12.1
07/31/12 WGS T6 15 325 12.1
07/31/12 WGNS T24 1.4 22.6 15.3
07/31/12 WGNS T24 14 21.6 16.0
07/31/12 WOG T24 14 19.7 14.6
07/31/12 WOG T24 14 21.4 15.3
07/31/12 WGS T24 1.4 21.3 13.4
07/31/12 WGS T24 15 27.9 14.3
07/31/12 CGNS T24 15 54.2 15.7
07/31/12 CGNS T24 15 41.9 13.2
07/31/12 WGNS T30 1.4 21.9 15.6
07/31/12 WGNS T30 1.4 21.5 16.6
07/31/12 WOG T30 1.4 16.5 15.7
07/31/12 WOG T30 1.3 16.1 16.6
07/31/12 WGS T30 1.4 19.7 14.7
07/31/12 WGS T30 1.4 18.5 16.8
07/31/12 CGNS T30 15 41.3 18.8
07/31/12 CGNS T30 15 40.0 18.1
07/31/12 WGNS T54 1.3 12.6 20.2
07/31/12 WGNS T54 1.3 12.6 22.2
07/31/12 WOG T54 1.3 11.7 194
07/31/12 WOG T54 13 11.8 16.2
07/31/12 WGS T54 1.2 10.4 19.6
07/31/12 WGS T54 1.3 13.0 23.3
07/31/12 0.2-um 40% 1.6 11.7 2.6
07/31/12 0.2-um 40% 15 10.3 2.8
07/31/12 0.2-um 40% 15 111 3.8
07/31/12 30-kDa 40% 1.6 14.0 35
07/31/12 30-kDa 40% 1.6 119 2.7
07/31/12 30-kDa 40% 1.6 11.0 2.6

Notes: “WGNS” signifies samples with grazers where mixing occurred

“WOG” signifies samples where grazers were removed

“WGS” signifies samples with grazers where settling was allowed

“CGNS” signifies samples where grazers were concentrated and mixing occurred
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“T” signifies a time in hours

“0.2-um” signifies samples filtered through a 0.2-pm filter
“30-kDa” signifies samples filtered through a 30-kDa filter
“%” signifies the percentage of unfiltered river water in a sample

“664y,” signifies wavelength 664-nm before acidification
“665,” signifies wavelength 665-nm after acidification

Table 10. Chlorophyll analysis for the August 13, 2012 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L)  Pha (ug/L)
08/13/12 WGNS TO 1.6 36.7 3.9
08/13/12 WGNS TO 1.6 36.9 3.3
08/13/12 WOG TO 1.6 36.7 3.6
08/13/12 WOG TO 1.6 36.2 3.9
08/13/12 WGS TO 1.6 36.8 4.0
08/13/12 CGNS TO 1.6 40.1 3.3
08/13/12 CGNS TO 1.6 39.9 44
08/13/12 WGNS T3 1.6 35.6 4.6
08/13/12 WGNS T3 1.6 36.4 4.2
08/13/12 WOG T3 1.6 35.7 3.3
08/13/12 WOG T3 1.6 36.7 3.2
08/13/12 WGS T3 1.6 37.8 4.1
08/13/12 WGS T3 1.6 34.6 35
08/13/12 WGNS T6 1.6 34.2 4.8
08/13/12 WGNS T6 1.6 34.3 4.9
08/13/12 WOG T6 1.6 345 4.2
08/13/12 WOG T6 1.6 344 5.2
08/13/12 WGS T6 1.6 34.8 5.6
08/13/12 WGS T6 1.6 32.6 5.4
08/13/12 WGNS T24 15 24.5 8.6
08/13/12 WGNS T24 15 23.9 8.6
08/13/12 WOG T24 15 24.2 8.3
08/13/12 WOG T24 15 24.1 7.4
08/13/12 WGS T24 15 219 8.7
08/13/12 WGS T24 15 229 8.3
08/13/12 CGNS T24 15 25.8 10.6
08/13/12 CGNS T24 15 26.0 9.2
08/13/12 WGNS T30 15 19.8 10.1
08/13/12 WGNS T30 15 18.8 9.6
08/13/12 WOG T30 15 19.4 7.7
08/13/12 WOG T30 15 18.3 7.2
08/13/12 WGS T30 15 16.7 9.5
08/13/12 WGS T30 15 16.6 8.8
08/13/12 CGNS T30 15 21.3 10.0
08/13/12 CGNS T30 15 21.2 10.1
08/13/12 0.2um 40% 1.7 13.6 0.8
08/13/12 0.2um 40% 1.6 13.2 1.1
08/13/12 0.2um 40% 1.7 13.3 0.2
08/13/12 30kDa 40% 1.7 13.1 0.0
08/13/12 30kDa 40% 1.7 12.3 0.5

Notes: “WGNS” signifies samples with grazers where mixing occurred

“WOG” signifies samples where grazers were removed
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“WGS” signifies samples with grazers where settling was allowed

“CGNS” signifies samples where grazers were concentrated and mixing occurred
“T” signifies a time in hours

“0.2-um” signifies samples filtered through a 0.2-pm filter

“30-kDa” signifies samples filtered through a 30-kDa filter

“%? signifies the percentage of unfiltered river water in a sample

“664y” signifies wavelength 664-nm before acidification

“665,” signifies wavelength 665-nm after acidification

Table 11. Chlorophyll analysis for the August 20, 2012 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L) Pha (ug/L)
08/20/12 No Zoo TO 1.6 4.7 1.0
08/20/12 No Zoo TO 1.6 4.2 1.3
08/20/12 1XTO 1.6 5.7 1.2
08/20/12 1XTO 1.6 5.2 0.8
08/20/12 75X T0 1.6 75 0.9
08/20/12 75X T0 1.7 9.9 1.0
08/20/12 15X TO 1.6 10.5 1.3
08/20/12 15X TO 1.7 13.3 0.8
08/20/12 30X TO 1.6 114 1.3
08/20/12 30X TO 1.6 12.6 1.3
08/20/12 No Zoo T6 light 1.7 7.6 -0.2
08/20/12 No Zoo T6 light 1.8 7.2 -1.1
08/20/12 1X T6 light 1.8 8.0 -0.8
08/20/12 1X T6 light 1.7 8.6 -0.4
08/20/12 7.5X T6 light 1.8 8.8 -0.5
08/20/12 7.5X T6 light 1.7 8.9 -0.4
08/20/12 15X T6 light 1.7 115 -0.1
08/20/12 15X T6 light 1.7 119 -0.4
08/20/12 30X T6 light 1.7 16.3 -0.6
08/20/12 30X T6 light 1.7 16.0 0.2
08/20/12 No Zoo T6 dark 15 5.2 15
08/20/12 1X T6 dark 15 5.4 1.8
08/20/12 7.5X T6 dark 16 11.3 1.2
08/20/12 15X T6 dark 1.6 15.0 14
08/20/12 30X T6 dark 1.6 11.2 1.5

Notes: “No Zoo” signifies samples where zooplankton was removed
“—X signifies the concentration factor for a sample
“T0” signifies initial samples
“T6” signifies post-incubation (final) samples
“light” signifies clear sample bottled microcosms
“dark” signifies samples covered to block sunlight from penetrating the microcosm
“664y,” signifies wavelength 664-nm before acidification
“665,” signifies wavelength 665-nm after acidification
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Table 12. Chlorophyll analysis for the September 21, 2012 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L) Pha (ug/L)
09/21/12 No Zoo Initial 1.6 8.3 1.7
09/21/12 1X Initial 1.6 9.0 1.9
09/21/12 7.5X Initial 1.6 9.5 2.0
09/21/12 15X Initial 1.6 114 2.1
09/21/12 22.5X Initial 1.6 12.9 2.5
09/21/12 30X Initial 1.6 14.2 2.9
09/21/12 No Zoo Light 1.7 12.5 0.7
09/21/12 No Zoo Light 1.7 124 0.1
09/21/12 1X Light 1.7 12.3 0.7
09/21/12 1X Light Shaded 1.8 13.1 -0.9
09/21/12 1X Light Shaded 1.8 13.2 -1.1
09/21/12 7.5X Light 1.7 134 0.9
09/21/12 7.5X Light 1.7 14.0 0.8
09/21/12 15X Light 1.7 12.2 0.4
09/21/12 15X Light 1.7 12.3 0.3
09/21/12 22.5X Light 1.6 12.5 1.5
09/21/12 22.5X Light Shaded 1.6 13.1 15
09/21/12 30X Light 1.6 9.5 2.2
09/21/12 30X Light 1.6 10.3 1.7
09/21/12 No Zoo Dark 1.6 75 1.6
09/21/12 1X Dark 1.6 7.4 2.1
09/21/12 7.5X Dark 15 8.5 2.9
09/21/12 15X Dark 15 8.6 3.1
09/21/12 22.5X Dark 15 9.8 3.2
09/21/12 30X Dark 1.5 10.3 3.8

Notes: “No Zoo” signifies samples where zooplankton was removed

“—X signifies the concentration factor for a sample

Samples without the “initial” label are post-incubation samples

“light” signifies clear sample bottled microcosms

“dark” signifies samples covered to block sunlight from penetrating the microcosm

“664y,” signifies wavelength 664-nm before acidification

“665,” signifies wavelength 665-nm after acidification
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Table 13. Chlorophyll analysis for the October 22, 2012 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L)  Pha (ug/L)
10/22/12 No Zoo Initial 1.7 4.9 0.1
10/22/12 No Zoo Initial 1.6 52 0.9
10/22/12 1X Initial 1.7 51 0.0
10/22/12 1X Initial 1.7 53 0.0
10/22/12 7.5X Initial 1.7 5.7 0.1
10/22/12 7.5X Initial 1.7 5.8 0.4
10/22/12 15X Initial 1.7 7.6 0.4
10/22/12 15X Initial 1.7 8.5 0.2
10/22/12 22.5X Initial 1.6 8.1 0.6
10/22/12 30X Initial 1.6 9.5 0.8
10/22/12 30X Initial 1.6 10.2 1.6
10/22/12 No Zoo 1.6 7.2 11
10/22/12 No Zoo 1.7 6.3 0.5
10/22/12 1X 1.6 6.3 0.6
10/22/12 1X 1.7 6.3 0.1
10/22/12 7.5X 1.6 5.9 0.6
10/22/12 7.5X 1.6 6.2 0.8
10/22/12 15X 1.6 6.7 0.9
10/22/12 15X 1.6 7.1 1.6
10/22/12 22.5X 1.6 7.5 1.7
10/22/12 22.5X 1.6 7.1 1.6
10/22/12 30X 1.6 8.4 1.7
10/22/12 30X 1.6 9.0 2.1
10/22/12 No Zoo Dark 15 4.4 2.0
10/22/12 1X Dark 1.4 3.6 25
10/22/12 7.5X Dark 1.4 4.4 3.6
10/22/12 15X Dark 1.4 4.7 3.6
10/22/12 22.5X Dark 1.4 52 3.3
10/22/12 30X Dark 1.4 6.3 4.1

Notes: “No Zoo” signifies samples where zooplankton was removed

“—X” signifies the concentration factor for a sample

Samples without the “initial” label are post-incubation samples

“light” signifies clear sample bottled microcosms

“dark” signifies samples covered to block sunlight from penetrating the microcosm

“664y” signifies wavelength 664-nm before acidification
“665,” signifies wavelength 665-nm after acidification
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Table 14. Chlorophyll analysis for the April 18, 2013 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L)  Pha (ug/L)
04/18/13 No Zoo Initial 15 47 15
04/18/13 1X Initial 1.7 6.5 -0.1
04/18/13 7.5X Initial 1.7 8.7 0.4
04/18/13 15X Initial 1.7 12.9 0.7
04/18/13 22.5X Initial 1.7 17.1 0.3
04/18/13 30X Initial 1.7 21.1 15
04/18/13 No Zoo Light 1.7 8.2 0.2
04/18/13 No Zoo Light 1.6 8.1 0.8
04/18/13 No Zoo Dark 1.6 2.3 0.3
04/18/13 No Zoo Dark 15 4.2 1.7
04/18/13 1X Light 1.7 9.1 -0.4
04/18/13 1X Light 1.6 8.6 1.0
04/18/13 1X Dark 15 5.3 2.2
04/18/13 1X Dark 15 49 1.8
04/18/13 7.5X Light 1.6 115 1.2
04/18/13 7.5X Light 1.7 12.0 0.5
04/18/13 7.5X Dark 15 7.8 25
04/18/13 7.5X Dark 15 6.7 3.1
04/18/13 15X Light 1.7 16.4 0.0
04/18/13 15X Light 1.6 16.0 1.6
04/18/13 15X Dark 15 9.9 4.1
04/18/13 15X Dark 15 10.0 3.2
04/18/13 22.5X Light 1.7 17.4 1.0
04/18/13 22.5X Light 1.7 20.5 0.9
04/18/13 22.5X Dark 15 12.6 4.8
04/18/13 22.5X Dark 15 14.2 4.4
04/18/13 30X Light 1.7 24.3 1.7
04/18/13 30X Light 1.7 23.6 1.3
04/18/13 30X Dark 15 16.1 55
04/18/13 30X Dark 15 14.0 6.1

Notes: “No Zoo” signifies samples where zooplankton was removed

“—X signifies the concentration factor for a sample

Samples without the “initial” label are post-incubation samples

“light” signifies clear sample bottled microcosms

“dark” signifies samples covered to block sunlight from penetrating the microcosm

“664y” signifies wavelength 664-nm before acidification
“665,” signifies wavelength 665-nm after acidification

Report 4.4.2

101 of 119



Table 15. Chlorophyll analysis for the June 7, 2013 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L)  Pha (ug/L)
06/07/13 No Zoo Initial 15 10.6 3.1
06/07/13 1X Initial 1.6 14.4 1.9
06/07/13 7.5X Initial 1.6 19.9 2.3
06/07/13 15X Initial 1.6 26.2 3.0
06/07/13 22.5X Initial 1.6 31.7 34
06/07/13 30X Initial 1.6 38.5 4.2
06/07/13 No Zoo Light 1.7 37.8 1.0
06/07/13 No Zoo Light 1.7 41.7 0.0
06/07/13 No Zoo Dark 1.6 9.9 2.1
06/07/13 No Zoo Dark 15 9.9 3.1
06/07/13 1X Light 1.7 43.8 1.4
06/07/13 1X Light 1.7 43.6 0.8
06/07/13 1X Dark 1.6 13.2 3.3
06/07/13 1X Dark 15 10.1 2.7
06/07/13 7.5X Light 1.7 25.6 0.5
06/07/13 7.5X Light 1.7 20.5 1.2
06/07/13 7.5X Dark 1.6 14.6 3.2
06/07/13 7.5X Dark 1.6 141 1.7
06/07/13 15X Light 1.7 28.9 -0.5
06/07/13 15X Light 1.8 25.2 -1.6
06/07/13 15X Dark 15 15.1 8.3
06/07/13 15X Dark 1.7 18.8 0.6
06/07/13 22.5X Light 1.7 39.2 0.1
06/07/13 22.5X Light 1.7 34.6 0.3
06/07/13 22.5X Dark 1.7 28.9 0.0
06/07/13 22.5X Dark 1.7 26.8 0.1
06/07/13 30X Light 1.7 44 .4 -1.0
06/07/13 30X Light 1.7 449 -1.0
06/07/13 30X Dark 1.7 33.7 -0.3
06/07/13 30X Dark 1.7 33.3 0.0

Notes: “No Zoo” signifies samples where zooplankton was removed

“—X” signifies the concentration factor for a sample

Samples without the “initial” label are post-incubation samples

“light” signifies clear sample bottled microcosms

“dark” signifies samples covered to block sunlight from penetrating the microcosm

“664y” signifies wavelength 664-nm before acidification
“665,” signifies wavelength 665-nm after acidification
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Table 16. Chlorophyll analysis for the June 18, 2013 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L)  Pha (ug/L)
06/18/13 No Zoo UF INITIAL 2.0 6.6 -2.0
06/18/13 No Zoo F INITIAL 2.2 6.7 -2.8
06/18/13 1IX UF INITIAL 2.6 10.0 -5.5
06/18/13 IX FINITIAL 3.1 7.2 -4.8
06/18/13 7.5X UF INITIAL 1.8 23.4 -4.1
06/18/13 7.5X FINITIAL 1.7 13.8 0.3
06/18/13 15X UF INITIAL 1.8 47.2 -4.9
06/18/13 15X F INITIAL 1.9 20.0 -4.2
06/18/13 22.5X UF INITIAL 1.8 58.8 -4.0
06/18/13 22.5X FINITIAL 1.8 29.5 -2.8
06/18/13 30X UF INITIAL 1.7 78.8 -2.0
06/18/13 30X F INITIAL 1.8 36.6 -3.3
06/18/13 No Zoo Final Dark 1.8 5.8 -0.8
06/18/13 No Zoo Final Dark 1.7 6.5 0.1
06/18/13 No Zoo Final Light 1.7 15.8 -1.0
06/18/13 No Zoo Final Light 1.7 19.4 -1.0
06/18/13 1X Final Dark UF 1 1.8 9.8 -1.0
06/18/13 1X Final Dark UF 2 1.9 9.5 -1.8
06/18/13 1X Final Dark F 1 1.7 8.1 -0.3
06/18/13 1X Final Dark F 2 1.9 6.3 -15
06/18/13 1X Final Light UF 1 1.9 25.5 -5.0
06/18/13 1X Final Light UF 2 18 21.2 -3.1
06/18/13 1X Final Light F 1 19 17.3 -35
06/18/13 1X Final Light F 2 18 16.1 -2.4
06/18/13 7.5X Final Dark UF 1 1.8 16.7 -1.7
06/18/13 7.5X Final Dark UF 2 1.7 23.4 -1.2
06/18/13 7.5X Final Dark F 1 1.7 12.4 -0.8
06/18/13 7.5X Final Dark F 2 1.8 115 -1.4
06/18/13 7.5X Final Light UF 1 1.7 36.3 -1.6
06/18/13 7.5X Final Light UF 2 1.8 34.4 -2.8
06/18/13 7.5X Final Light F 1 1.8 22.2 -1.6
06/18/13 7.5X Final Light F 2 1.8 19.9 -3.3
06/18/13 15X Final Dark UF 1 1.7 42.1 -0.9
06/18/13 15X Final Dark UF 2 1.7 30.8 -0.1
06/18/13 15X Final Dark F 1 18 18.9 -1.7
06/18/13 15X Final Dark F 2 1.7 18.1 0.1
06/18/13 15X Final Light UF 1 1.7 62.3 -1.0
06/18/13 15X Final Light UF 2 1.7 55.4 2.0
06/18/13 15X Final Light F 1 1.7 31.0 -1.3
06/18/13 15X Final Light F 2 1.7 29.9 0.2
06/18/13 22.5X Final Dark UF 1.7 46.2 2.4
06/18/13 22.5X Final Dark F 1.7 25.9 0.7
06/18/13 22.5X Final Light UF 1.7 72.5 4.3
06/18/13 22.5X Final Light F 1.7 42.6 0.8
06/18/13 30X Final Dark UF 1 1.7 57.3 0.5
06/18/13 30X Final Dark UF 2 1.7 78.8 5.2
06/18/13 30X Final Dark F 1 1.7 325 0.3
06/18/13 30X Final Dark F 2 1.7 33.7 0.3
06/18/13 30X Final Light UF 1 1.7 86.5 3.6
06/18/13 30X Final Light UF 2 1.7 90.3 2.1
06/18/13 30X Final Light F 1 1.7 43.2 -0.2
06/18/13 30X Final Light F 2 1.7 42.8 -1.5
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Notes: “No Zoo” signifies samples where zooplankton was removed

“—X signifies the concentration factor for a sample
“light” signifies clear sample bottled microcosms

“dark” signifies samples covered to block sunlight from penetrating the microcosm
“UF” signifies samples where pre-screening was not performed

“F” signifies samples where pre-screening was performed
“664y” signifies wavelength 664-nm before acidification
“665,” signifies wavelength 665-nm after acidification

Table 17. Chlorophyll analysis for the July 25, 2013 grazing study.
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Study Date Sample ID 664,,/665, Chla (ug/L)  Pha (ug/L)
07/25/13 No Zoo INITIAL 1.4 5.9 3.4
07/25/13 No Zoo INITIAL 1.3 5.1 5.8
07/25/13 1IX UF INITIAL 1.8 13.0 -0.8
07/25/13 1IX FINITIAL 1.8 12.1 -0.8
07/25/13 7.5X UF INITIAL 1.7 225 -0.3
07/25/13 75X F INITIAL 1.6 15.5 2.4
07/25/13 15X UF INITIAL 1.7 38.1 0.8
07/25/13 15X F INITIAL 1.7 26.3 0.2
07/25/13 22.5X UF INITIAL 1.7 46.1 -14
07/25/13 22.5X F INITIAL 1.7 31.0 0.9
07/25/13 30X UF INITIAL 1.7 60.3 -1.2
07/25/13 30X F INITIAL 1.7 36.8 0.0
07/25/13 No Zoo Final Dark 15 5.0 1.9
07/25/13 No Zoo Final Dark 16 4.9 0.9
07/25/13 No Zoo Final Dark 15 55 2.3
07/25/13 No Zoo Final Dark 15 4.4 14
07/25/13 No Zoo Final Light 1.8 14.3 -1.4
07/25/13 No Zoo Final Light 1.7 16.6 -0.7
07/25/13 No Zoo Final Light 1.7 15.6 -0.3
07/25/13 No Zoo Final Light 1.8 12.2 -1.1
07/25/13 1X Final Light UF 1 1.7 26.9 -0.2
07/25/13 1X Final Light UF 2 1.7 24.1 -1.2
07/25/13 1X Final Dark UF 1 1.6 12.4 15
07/25/13 1X Final Dark UF 2 1.7 10.0 0.1
07/25/13 1X Final Light F 1 1.8 225 -2.3
07/25/13 1X Final Light F 2 1.8 21.7 -2.4
07/25/13 1X Final Dark F 1 1.8 9.4 -0.9
07/25/13 1X Final Dark F 2 1.7 8.6 -0.1
07/25/13 7.5X Final Light UF 1 1.9 23.1 -4.9
07/25/13 7.5X Final Light UF 2 2.0 25.0 -6.4
07/25/13 7.5X Final Dark UF 1 1.8 18.2 -2.1
07/25/13 7.5X Final Dark UF 2 18 17.7 -1.2
07/25/13 7.5X Final Light F 1 2.0 14.8 -4.4
07/25/13 7.5X Final Light F 2 2.1 12.9 -4.8
07/25/13 7.5X Final Dark F 1 1.8 13.0 -15
07/25/13 15X Final Light UF 1 1.8 35.1 -4.7
07/25/13 15X Final Light UF 2 1.8 39.2 -4.0
07/25/13 15X Final Dark UF 1 1.8 27.6 -2.3
07/25/13 15X Final Dark UF 2 1.7 25.7 1.4
07/25/13 15X Final Light F 1 1.8 22.2 -3.6
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07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13
07/25/13

15X Final Light F 2
15X Final Dark F 1
15X Final Dark F 2
22.5X Final Light UF 1
22.5X Final Light UF 2
22.5X Final Dark UF 1
22.5X Final Dark UF 2
22.5X Final Light F 1
22.5X Final Light F 2
22.5X Final Dark F 1
22.5X Final Dark F 2
30X Final Light UF 1
30X Final Light UF 2
30X Final Dark UF 1
30X Final Dark UF 2
30X Final Light F 1
30X Final Light F 2
30X Final Dark F 1
30X Final Dark F 2

1.8
1.8
1.8
1.8
1.8
1.7
1.7
1.8
1.8
1.7
1.8
1.8
1.7
1.7
1.7
1.8
1.8
1.8
1.8

20.6
17.8
155
50.0
50.9
33.9
30.3
26.0
26.0
18.3
21.3
50.8
59.1
38.3
39.2
29.0
27.9
26.4
22.7

-3.3
-2.6
-1.6
-6.0
-4.4
-1.1
1.2
-3.4
-4.7
-1.2
-1.6
-4.1
-3.6
-2.2
3.1
-4.7
-4.9
-2.7
-2.6
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Notes: “No Zoo” signifies samples where zooplankton was removed

“—X” signifies the concentration factor for a sample
“light” signifies clear sample bottled microcosms

“dark” signifies samples covered to block sunlight from penetrating the microcosm
“UF” signifies samples where pre-screening was not performed

“F” signifies samples where pre-screening was performed
“664y” signifies wavelength 664-nm before acidification
“665,” signifies wavelength 665-nm after acidification
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APPENDIX B. ZOOPLANKTON ANALYSIS
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Table 18. Zooplankton analysis for the April 18, 2013 grazing study.
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Study Date Sample ID T?JSI/S)O Rotifer (ug/L) C(CL p;e/pljd CI&(ISS/CE; an
04/18/13 1X Initial 87.3 7.3 80.0 0.0
04/18/13 7.5X Initial 523.7 205.6 318.0 0.0
04/18/13 15X Initial 706.0 78.2 4304 197.4
04/18/13 22.5X Initial 1049.6 84.9 565.6 399.1
04/18/13 30X Initial 1595.7 63.1 1472.5 60.2
04/18/13 60X Initial 2413.2 114.8 1787.6 510.8
04/18/13 60X Initial 3353.2 161.1 2857.5 334.6
04/18/13 1X Final 0.0 0.0 0.0 0.0
04/18/13 7.5X Final 772.6 27.0 745.6 0.0
04/18/13 15X Final 1082.1 201.5 724.4 156.2
04/18/13 22.5X Final 792.2 15.2 628.1 148.9
04/18/13 30X Final 1164.8 554 15.2 199.6
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Table 19. Zooplankton analysis for the June 7, 2013 grazing study.
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Total zoo Copepod Cladoceran

Study Date Sample ID (ug/L) Rotifer (ug/L) (ug/L) (ug/L)
06/07/13 1X Initial 0.6 0.6 0.0 0.0
06/07/13 7.5X Initial 1072.4 45.8 482.0 544.6
06/07/13 15X Initial 1709.9 61.4 1412.7 235.8
06/07/13 22.5X Initial 2701.4 174 1957.0 727.0
06/07/13 30X Initial 4969.5 74.6 2872.1 2022.8
06/07/13 60X 11133.3 0.5 80.0 0.0
06/07/13 60X 11633.3 1334 6294.6 4705.3
06/07/13 1X Final 80.5 167.5 7317.3 4148.5
06/07/13 7.5X Final 908.9 52.7 1246.3 1241.1
06/07/13 15X Final 1995.8 13.1 213.9 681.9
06/07/13 22.5X Final 2540.0 27.6 1049.9 918.3
06/07/13 30X Final 4707.6 3.2 2307.8 2396.6
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Table 20. Zooplankton analysis for the June 18, 2013 grazing study.
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Total zoo Copepod Cladoceran

Study Date Sample ID (ug/L) Rotifer (ug/L) (ug/L) (ug/L)
06/18/13 1X Initial 131.3 0.2 40.0 91.2
06/18/13 7.5X Initial 118.9 11 40.0 77.8
06/18/13 15X Initial 502.6 9.4 360.0 133.2
06/18/13 22.5X Initial 831.1 134 360.0 457.7
06/18/13 30X Initial 1399.0 16.0 954.5 428.6
06/18/13 60X Initial 3783.0 13.2 1379.6 2390.2
06/18/13 60X Initial 3704.4 13.6 24727 1218.1
06/18/13 1X Final 120.6 0.6 120.0 0.0
06/18/13 7.5X Final 400.9 0.8 240.0 160.1
06/18/13 15X Final 300.2 20.2 280.0 0.0
06/18/13 22.5X Final 260.4 204 240.0 0.0
06/18/13 30X Final 719.8 124 419.8 287.6
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Table 21. Zooplankton analysis for the July 25, 2013 grazing study.
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Total zoo Copepod Cladoceran

Study Date Sample ID (ug/L) Rotifer (ug/L) (ug/L) (ug/L)
07/25/13 1X Initial 139.0 4.0 40.0 94.9
07/25/13 7.5X Initial 18124 12.2 529.1 1271.2
07/25/13 15X Initial 3560.3 20.2 635.1 2905.0
07/25/13 22.5X Initial 6059.0 110.0 837.9 5111.0
07/25/13 30X Initial 8184.5 42.8 1670.4 6471.3
07/25/13 1X Final 518.4 2.5 220.6 295.3
07/25/13 7.5X Final 1983.2 10.0 174.8 1798.4
07/25/13 15X Final 3455.3 34.0 999.5 2421.7
07/25/13 22.5X Final 2878.2 54.3 508.1 2315.9
07/25/13 30X Final 6128.4 34.4 520.0 5573.9
07/25/13 60X Initial 15284.6 113.4 3856.4 11314.9
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Figure 30. Fitted linear regression for the April 18, 2013 grazing study light and dark
microcosms using calculated zooplankton concentration factors from final zooplankton
densities.
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Figure 31. Fitted linear regression for the June 7, 2013 grazing study light and dark
microcosms using calculated zooplankton concentration factors from final zooplankton
densities.
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Figure 32. Fitted linear regression for the June 18, 2013 grazing study light and dark
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microcosms using calculated zooplankton concentration factors from final zooplankton

densities.
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Figure 33. Fitted linear regression for the July 25, 2013 grazing study light and dark

microcosms using calculated zooplankton concentration factors from final zooplankton

densities.
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APPENDIX C. NUTRIENT ANALYSIS
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Table 22. Nutrient analysis for the July 17, 2012 grazing study.

Dissolved Dissolved Total Dissolved
Sample SiO2-Si  Total P PO4-P NO3-N NH3/NH4-N NO2-N
Study Date ID (mg/L) (mg/L) (mg/L) (ug/L) (ug/L) (ug/L)
B
07/17/12 Sample 1.2 0.3 0.2 821.0 11.0 31.0
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Table 23. Nutrient analysis for the October 22, 2012 grazing study.
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Dissolved Dissolved Total Dissolved  Dissolved
Sample PO4-P Total P inorganic  NH3/NH4- NO2-N NO3-N
Study Date ID (mg/L) (mg/L) N (ug/L) N (ug/L) (ug/L) (ug/L)
1X
10/22/12 Initial 0.4 0.3 2232.0 65.0 30.9 2136.1
10/22/12 1X Final 0.3 0.3 2286.2 49.3 30.9 2206.0
7.5X
10/22/12 Final 0.3 0.4 2232.1 57.7 314 2143.0
15X
10/22/12 Final 0.3 0.3 2665.6 735 32.0 2560.1
22.5X
10/22/12 Final 0.3 0.3 2432.9 86.6 30.7 2315.6
30X
10/22/12 Final 0.3 0.4 2349.2 2.8 31.0 23154
No Zoo
10/22/12 Final 0.3 0.3 2617.6 49.4 32.1 2536.1
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Table 24. Nutrient analysis for the April 18, 2013 grazing study.
Dissolved Dissolved  NH4- NO3-N
Study Sample SiO2-Si PO4-P Total P NO2-N N +NO2- Total N
Date ID (mg/L)  (mg/L)  (mg/L) (Hg/L) (Mg/L) N (pg/L)  (pg/L)
No Zoo
04/18/13 Initial 6.2 0.3 0.4 29.2 74.7 2965.1  3340.3
1X
04/18/13 Initial 6.3 0.3 0.4 30.0 70.6 28535  3655.2
7.5X
04/18/13 Initial 6.2 0.4 0.4 29.3 79.2 2990.2  3581.8
15X
04/18/13 Initial 6.2 0.3 0.4 30.1 78.7 30617  3617.2
22.5X
04/18/13 Initial 6.3 0.3 0.4 30.4 82.9 3207.7  3985.1
30X
04/18/13 Initial 6.2 0.3 0.4 31.2 76.7 2963.0  3456.9
No Zoo
04/18/13 Final 6.2 0.3 0.4 29.3 50.2 31951 35434
04/18/13  1X Final 6.2 0.3 0.4 28.6 45.9 3055.4 37345
7.5X
04/18/13 Final 6.1 0.3 0.4 29.8 48.7 3149.1  3605.8
15X
04/18/13 Final 6.0 0.4 0.4 30.6 52.4 28140 35118
22.5X
04/18/13 Final 5.7 0.3 0.4 28.1 49.1 31442  3873.0
30X
04/18/13 Final 5.7 0.4 0.4 31.1 57.0 3021.9 37101
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Table 25. Nutrient analysis for the June 7, 2013 grazing study.

SiO2- Dissolved Dissolved NO3-N +
Study Sample Si PO4-P Total P NO2-N NH4-N NO2-N Total N
Date ID (mg/L) (mg/L) (mg/L)  (pg/L) (Hg/L) (Hg/L) (Hg/L)
No Zoo
06/07/13 Initial 4.7 0.3 0.3 247 26.1 1557.1 2242.4
1X
06/07/13 Initial 4.7 0.3 0.3 24.8 23.8 1562.5 2404.5
7.5X
06/07/13 Initial 4.8 0.3 0.3 23.6 36.9 1575.1 2728.4
15X
06/07/13 Initial 4.7 0.3 0.4 24.8 44.2 1571.0 2913.8
22.5X
06/07/13 Initial 4.8 0.3 0.4 25.8 41.3 1552.4 2317.8
30X
06/07/13 Initial 4.7 0.3 0.4 25.4 46.2 1559.6 2978.8
No Zoo
06/07/13 Final 4.4 0.2 0.3 9.5 1574.7 2195.4
1X
06/07/13 Final 4.4 0.2 0.3 23.4 1400.1 2508.6
7.5X
06/07/13 Final 4.7 0.3 0.4 43.9 1573.0 3219.9
15X
06/07/13 Final 4.7 0.3 0.4 96.3 1787.1 3094.9
22.5X
06/07/13 Final 4.7 0.4 0.5 91.5 1747.4 2404.8
30X
06/07/13 Final 4.7 0.3 0.6 234.2 1458.7 3283.0
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Table 26. Nutrient analysis for the June 18, 2013 grazing study.

SiO2-  Dissolved Dissolved  NH4- NO3-N +
Study Sample Si PO4-P Total P NO2-N N NO2-N Total N
Date ID (mg/L) (mg/L) (mg/L)  (ug/lL)  (ug/L)  (pg/L) (Hg/L)
No Zoo
06/18/13 Initial 5.8 0.4 0.5 22.3 16.0 2086.6 2629.7
1X
06/18/13 Initial 5.7 0.4 0.5 23.7 7.7 2122.7 2460.3
7.5X
06/18/13 Initial 5.6 0.5 0.5 22.2 7.1 2004.7 2742.8
15X
06/18/13 Initial 5.8 0.5 0.5 22.3 7.1 2067.3 3013.1
22.5X
06/18/13 Initial 5.8 0.5 0.5 22.6 5.7 1975.4 2719.1
30X
06/18/13 Initial 5.8 0.5 0.6 21.7 4.1 1986.3 2719.2
No Zoo
06/18/13 Final 5.7 0.4 0.5 59.6 1848.5 2891.9
1X
06/18/13 Final 5.7 0.4 0.5 40.1 1986.4 2894.5
7.5X
06/18/13 Final 5.8 0.4 0.5 57.3 1954.5 2932.5
15X
06/18/13 Final 5.7 0.4 0.5 44 .4 1882.7 3428.7
22.5X
06/18/13 Final 5.8 0.4 0.5 51.1 1965.9 3521.9
30X
06/18/13 Final 5.7 0.4 0.6 52.2 1947.4 3457.8
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Table 27. Nutrient analysis for the July 25, 2013 grazing study.
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NO3-N
Dissolved Dissolved +NO2- Total
Sample  SiO2-Si PO4-P Total P NO2-N NH4-N N N
Study Date ID (mg/L) (mg/L) (mg/L) (ug/L) (ug/L)  (ug/L)  (pgl/L)
No Zoo
07/25/13 Initial 4.6 0.6 0.6 27.8 113.8 15516 21024
1X
07/25/13 Initial 4.3 0.6 0.6 25.3 91.0 1589.1  2260.8
7.5X
07/25/13 Initial 4.3 0.6 0.7 22.9 93.3 1439.7  2630.9
15X
07/25/13 Initial 4.3 0.6 0.7 25.4 95.3 1373.1 26975
22.5X
07/25/13 Initial 4.4 0.6 0.8 26.9 113.0 15244  3206.3
30X
07/25/13 Initial 45 0.6 0.9 23.3 107.7  1638.6  3236.7
No Zoo
07/25/13 Final 4.6 0.6 0.7 22.5 16.5 1495.8  2126.9
07/25/13 1X Final 4.3 0.5 0.6 23.2 7.0 14205 2102.1
7.5X
07/25/13 Final 4.4 0.6 0.7 23.8 53.3 13747  2719.8
15X
07/25/13 Final 4.5 0.6 0.7 23.9 80.1 1463.4  3065.7
22.5X
07/25/13 Final 4.4 0.6 0.8 24.1 121.8 1564.0 30644
30X
07/25/13 Final 4.4 0.6 0.8 28.3 159.4  1489.7 31094
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